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ABSTRACT 


The  experiment  presented  here  was  undertaken  in  order  to  contribute 
to  the  understanding  of  the  mechanisms  of  radio-wave  fading  and  to 
suggest  possible  improvements  in  present  techniques  of  alleviating  the 
undesirable  effects  of  such  fading. 

Observations  were  made  of  the  spatial  distribution  along  the  ground 
in  the  vicinity  of  a  receiver  of  the  magnitude  of  ionospherically  propa¬ 
gated  17-Mc,  cw ,  radio  waves.  To  accomplish  this  the  amplitude  fluctua¬ 
tion,  or  fading,  of  cw  signals  transmitted  1840,  3741,  and  5724  km  from 
Texas,  Hawaii,  and  Puerto  Rico  was  observed  at  Stanford,  California,  on 
12  dipole  antennas  evenly  disposed  in  two  perpendicular  rows  each  about 
20  wavelengths  long.  The  number  of  ionospheric  reflections  experienced 
by  the  radio  wave  over  the  Texas-  and  Hawai i -to-Stanford  paths  was 
measured  by  means  of  a  synchronized,  oblique,  step-frequency  sounding 
system . 

The  spatial  distribution  of  signal  amplitude  is  found  to  exhibit 
a  degree  of  periodicity  that  varies  inversely  with  path  length.  Fading- 
null  patterns,  equivalent  to  optical  diffraction  patterns,  consisting 
of  nearly  straight  lines  are  observable  33  percent  of  the  time  on  a 
signal  propagated  1840  km  and  10  percent  of  the  time  on  a  signal 
propagated  5740  km. 

For  a  fixed  path  length  the  spacing  along  the  ground  between 
signa 1 -ampli tude  minima  decreases  as  the  number  of  ionospheric  reflec¬ 
tions  increases.  The  mean  value  of  null  spacing  observed  on  signals 
propagated  3741  km  from  Hawaii  varies  from  1.4  km  during  periods  of 
only  one  ionospheric  reflection  to  0.4  km  during  periods  in  which  three 
ionospheric  reflections  are  present.  The  observed  fading  nulls  tend  to 
lie  diagonally  across  the  great  circle  connecting  the  transmitter  and 
recei ver . 

A  mathematical  model  is  constructed  that  shows  how  the  spacing  and 
orientation  of  signal  nulls  depends  upon  the  angular  elevations  and 
bearings  of  the  incoming  rf  wavefronts.  This  model  correctly  predicts 
the  spacing  and  orientation  of  nulls  in  observed  periodic  fading 
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patterns  if  the  arriving  rf  wavefronts  are  assumed  to  be  deviated  a  few 
degrees  to  the  south  of  the  great  circle  by  a  small  north-south  downward 
tilt  in  the  structure  of  the  ionosphere. 

Two  observations  made  during  periods  of  geomagnetic  disturbance 
suggest  that  during  the  first  10  hours  of  the  disturbance  the  iono¬ 
spheric  tilt  is  less  than  normal  and  that  during  the  remainder  of  the 
storm  the  tilt  is  somewhat  greater  than  normal.  During  one  of  the 
storms  the  small  random  variations  in  ionization  density  that  cause 
irregular  fading  patterns  appear  to  have  been  much  smaller  than  normal. 

The  fact  that  average  fading-null  orientations  can  be  predicted 
from  a  knowledge  of  the  prevailing  ionospheric  tilt  suggests  a  place¬ 
ment  of  space-diversity  antennas  that  can  be  as  much  as  twice  as  effec¬ 
tive  as  present  antenna  layouts  for  moderate -length,  east-west  paths 
at  no  increase  in  equipment  cost. 
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I.  INTRODUCTION 


A.  BRIEF  DESCRIPTION  OF  IONOSPHERIC  RADIO  WAVE  PROPAGATION 

The  ionosphere  is  the  region  of  the  upper  atmosphere  that  contains 
partly  ionized  gas  and  that  extends  from  about  80  km  above  the  earth's 
surface  to  a  region  of  maximum  ion  density  at  about  300  km,  above  which 
the  ion  density  decreases.  The  refractive  index  n  of  the  region  is 
given  by 


n 


CD 


where 

Q 

c  =  free-space  velocity  of  electromagnetic  waves,  3x10  m /sec 

v  =  phase  velocity  of  electromagnetic  waves  in  a  region  of 
refractive  index  n 

a  =  permeability  of  free  space  =  4r.xl0  7  henry /m 
kQ  =  permittivity  of  free  space  =  8.85xl0~12  farads/m 
If  the  earth's  magnetic  field  is  neglected, 


i  =  u 

o 


The  motion  of  free  electrons  results  in  a  modified  permitti vi ty , 

2 


k  =  k  - 


Ne 


o  m  ut 
e 


2 


where 

N  =  electron  (or  ion)  density  (electrons/m2) 

-19 

e  =  electronic  charge  =  1,60x10  coulombs 
m  =  electronic  mass  =  9.11x10  "  kg 
u  =  radian  wave  frequency 
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Therefore , 


n 


1  - 


Ne 


m  k  o> 
e  o 


(2) 


Since  N  increases  with  height,  the  refractive  index  decreases  with 
height  and  Snell's  law  of  refraction,  Eq .  (3),  shows  that  electromag¬ 
netic  waves  directed  obliquely  at  the  ionosphere  are  refracted  down. 


nl  Sln  h  =  n2  Sin  i2  ( 3 ) 

where  i  =  angle  of  incidence  on  the  interface  between  regions  of 

refractive  index  n,  and  n  . 

1  2 


interface  between 
REGIONS  OF  REFRACTIVE 
INDEX  n  AND  n 


RAY 

"j  sin  ij  =  sin 

At  appropriate  frequencies,  typically  in  the  high-frequency  (hf)  or 
3-to-30-Mc  range,  rays  directed  obliquely  at  the  ionosphere  are  returned 
to  earth  where  they  can  be  reflected  back  up  to  the  ionosphere  for 
another  hop,  in  this  way  traveling  around  the  curvature  of  the  earth. 

At  the  ionospheric  reflecting  point  i9  =  x/2.  Therefore, 

n(at  reflection  height)  =  sin  i  ,  (4 

o 

where  i  =  angle  of  incidence  on  the  lower  limit  of  the  ionosphere. 

Figure  1  is  a  schematic  elevation  view  of  representative  ionospheri- 
cally  propagated  radio  rays  as  they  commonly  exist  over  one  of  the  paths 
(Hawaii  to  Stanford,  California)  studied  in  the  present  experiment. 

The  following  features  are  significant. 
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The  rays  are  gradually  refracted  or  bent  rather  than  reflected  from 
a  discrete  surface.  In  spite  of  this  fact,  the  term  "reflection"  or 
"hop"  is  usually  used  to  denote  an  earth-ionosphere-earth  segment  of 
a  ray  path. 

Energy  can  travel  from  transmitter  to  receiver  by  paths  of  different 
numbers  of  hops.  Each  such  path  is  termed  a  mode— for  example,  a  one- 
hop  or  two-hop  mode.  The  group  travel  time  for  a  ray  over  a  two-hop 
path  is  about  0.5  msec  greater  than  that  over  a  one-hop  path. 

Rays  with  larger  take-off  angles  (smaller  i^),  penetrate 

deeper  into  the  ionosphere  before  they  reach  a  refractive  index  that 
will  return  them  to  earth— see  Eqs.  (2)  and  (4).  If  a  ray  reaches  the 
level  of  maximum  electron  density  before  it  is  turned  down,  it  will 
continue  upward  and  escape  from  the  earth.  Transition  rays  exist  with 
take-off  angles  between  that  of  the  highest -order  (two-hop  in  this  case) 
lower  ray  and  that  of  the  lowest-angle  escaping  ray.  Such  transition 
rays  are  called  "upper1'  or  "Pederson"  rays. 

The  region  of  the  ionosphere  at  heights  of  about  100  km  is  termed 
the  E  region  and  that  r rom  about  200  to  300  km  the  K  region.  Rays 
are  often  refracted  abruptly  from  the  E  region,  though  none  were  in 
the  ionosphere  represented  by  the  electron -density  profile  from  which 
Fig.  1  was  computed. 

A  shorthand  notation  for  a  raypath  includes  the  number  of  hops,  the 
region  of  the  ionosphere  in  which  the  ray  turns  back  to  earth,  and 
whether  the  ray  is  upper  or  lower.  Thus  Fig.  1  includes  a  IF  lower 
ray,  a  2F  lower  ray,  and  a  2F  upper  rav. 

Since  the  complete  expression  for  ionospheric  refractive  index  is 
a  complicated  function  of  many  factors,  such  as  solar-ultraviolet  and 
X-radiation,  and  the  earth's  magnetic  field,  it  is  in  a  constant  state 
of  flux,  leading  to  considerable  variability  of  mode  configurations. 

For  example,  the  modes  over  the  paths  studied  in  this  experiment  often 
changed  from  two  or  three  hops  to  no  propagation  at  all  in  a  period  of 
a  few  hours. 

The  earth's  static  magnetic  field  has  the  effect  of  making  the 
ionosphere  bi  ref  ringent  —  that  is,  a  particular  volume  of  ionosphere 
has  two  values  of  refractive  index.  The  practical  effect  of  this  is 
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to  split  each  of  the  rays  previously  described  into  two  components  of 
slightly  different  phase  and  group  velocities.  The  time-delay  difference 
between  the  magnetoionically  split  components  is  much  less  than  that 
between  the  geometrical  modes. 

This  description  of  ionospheric  radio-wave  propagation  is  necessarily 
brief  and  can  be  expanded  by  reference  to  various  texts  on  the  subject 
such  as  Budden  [ 1961  ] ,  Ratcliffe  [1959]  or  Circular  462  [1948]  of  the 
U.  S.  Bureau  of  Standards. 

B.  REVIEW  OF  PREVIOUS  STUDIES  AND  UNDERSTANDING  OF  HF  RADIO  FADING 

When  a  radio  wave  in  the  high-frequency  range  is  propagated  by 
means  of  reflections  from  the  ionosphere  over  distances  ranging  from  a 
few  hundred  to  many  thousands  of  kilometers,  it  is  found  to  fade,  that 
is,  to  fluctuate  in  magnitude  over  a  wide  range.  See  Grisdale,  Morris 
and  Palmer  .1957’.  The  first-order  characteristic  of  hf  fading  is  the 
fluctuation  of  the  magnitude  of  the  signal,  often  by  tens  of  decibels 
and  usually  with  a  period  on  the  order  of  1  sec.  One  effect  of  fading 
is  to  impose  a  large-amplitude,  low-frequency  modulation  on  the  signal 
being  tiansmitted.  This  is  not  too  se.ious  an  effect,  since  such 
fluctuations  in  signal  magnitude  can  be  smoothed  out  by  automatic- 
volume-control  devices.  The  most  harmful  effect  of  fading  is  the 
reduction  of  the  signal  amplitude  below  the  local  noise  or  interference 
level,  making  it  impossible  to  recover  useful  information  from  the 
transmitted  signal. 

As  first  suggested  by  Brown,  Martin,  and  Potter  [1926],  signal- 
envelope  fading  as  observed  on  an  antenna  appears  to  be  due  to  the 
movement  of  a  pattern  of  varying  field  strength  along  the  ground  past 
the  antenna. 

The  object  of  the  present  work  is  to  describe  this  pattern  and 
present  a  mechanism  for  its  production.  The  term  "fading  pattern"  is 
used  to  describe  such  spatial  distributions  of  field  strength.  A  random 
fading  pattern  could  be  produced  by  small-scale  focusing  resulting  from 

* 

See  Bibliography  at  the  end  of  this  document. 
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irregularities  in  the  ionosphere.  Such  effects  have  been  considered  by 
Ratcliffe  [1948]  and  Booker,  Ratcliffe,  and  Shinn  [1949].  A  periodic 
pattern  similar  to  an  optical  diffraction  pattern  could  be  caused  by 
destructive  interference  between  two  rays  traveling  different  paths, 
such  as  one-hop  and  two-hop  F-layer  rays.  See,  for  example,  Banerjee 
and  Mukerjee  1948].  Either  kind  of  pattern  would  be  stationary  if  the 
ionosphere  were  not  varying  with  time.  However,  any  temporal  variation 
in  the  structure  of  the  ionosphere  would  cause  a  motion  of  either  kind 
of  pattern.  Since  it  is  clear  that  both  effects  can  occur,  the  question 
remains,  which  predominates  in  the  case  of  hf,  oblique,  continuous-wave 
(cw'  transmissions.  Rays  reflecting  from  different  parts  of  the  iono¬ 
sphere  would  be  expected  to  produce  a  detectable  periodic  interference 
\,or  diffraction)  pattern  if  their  amplitudes  were  similar,  but  random 
focusing  and  defocusing  effects  or  random  variations  in  ionization 
density  could  completely  mask  such  a  periodic  pattern  if  the  random 
effects  were  large  enough.  Conversely,  the  random  effects  might  simply 
be  small  modulations  on  periodic  diffraction  patterns. 

As  background  for  the  present  investigation,  the  current  understand¬ 
ing  of  the  fading  of  obliquely  transmitted,  high-frequency  waves  can  be 
summarized  as  follows.  High-frequency  waves  that  are  transmitted  in 
pulses  short  enough  in  duration  (lOO  ;sec  or  less'  to  separate  the 
different  geometrical  modes  fade  with  a  period  of  approximately  20  sec 
to  1  min.  This  fading  can  be  due  cither  to  destructive  interference 
between  the  two  magnetoionically  propagated  components,  as  found  bv 
Hcdlund  and  Edwards  1958  ,  or  a  random  scattering  process  as  described 
by  Balser  and  Smith  1962  ,  who  found  spatial  correlation  distances  of 
about  40  wavelengths  in  a  direction  perpendicular  to  the  rav  path  when 
propagation  was  via  a  single  mode. 

Continuous  wave  signals,  for  which  the  received  signal  voltage  is 
the  sum  of  voltages  propagated  by  all  the  active  modes,  usually  fade 
much  faster,  with  a  period  on  the  order  of  1  or  2  sec.  The  amplitude 
of  fading  cw  signals  has  generally  been  found  to  follow  a  Rayleigh 
probability  distribution  except  at  special  times,  such  as  when  upper 
and  lower  rays  are  interfering  near  the  MOF  (maximum  observable  frequency). 
Grisdale,  Morris,  and  Palmer  [1957]  discuss  this  effect  and  also  report 
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that  the  spatial  correlation  of  signal  strength  falls  significantly  at 
a  distance  of  about  200  or  300  meters.  A  random  variable  s  has  a 
Rayleigh  distribution  if  its  cumulative  distribution  function  is 
P(s)  =  1  -  exp[-(s/sQ)2]. 

Bixby  [1953]  has  given  a  theoretical  derivation  of  the  fading  at 
and  near  the  MOF  based  on  a  nontilted  ionosphere  with  a  smooth, 
parabolic,  ion-density  distribution. 

The  slow  magnetoionic  fading  described  above  rotates  the  polariza¬ 
tion  of  individual  modes  and,  since  the  receiving  antennas  are  hori¬ 
zontally  polarized,  has  the  effect  of  removing  a  particular  geometrical 
mode  for  periods  of  about  20  sec  from  the  summation  contributing  to  the 
cw  signal.  For  example,  if  IF  and  2F  horizontally  polarized  rays 
were  being  received,  a  spatial  fading  pattern  would  be  observed.  If 
then,  one  ray  became  vertically  polarized,  the  interference  pattern  would 
disappear  and  a  strong,  nonfading  signal  would  remain. 

The  various  space-correlation  measurements  have  generally  suffered 
from  a  lack  of  sample  points.  That  is,  attempts  were  made  to  measure 
space  correlation  using  two  or  three  antennas,  often  arranged  in  a 
triangle.  A  resulting  weakness  has  been  the  necessity  to  characterize 
the  spatial  properties  oi  high-frequency  lading  with  a  single  number, 
such  as  the  distance  beyond  which  the  signal  strength  becomes  uncorrelated. 
This  approach  implies  the  assumption  of  the  existence  of  a  pattern  of 
field  strength  consisting  of  a  random  or  perhaps  a  circular  shape.  No 
attempt  has  previously  been  made  to  actually  observe  the  pattern  of 
field  strength  as  it  exists  at  the  ground.  In  addition,  it  has  only 
very  recently  become  possible  to  compare  specific  instances  oi  fading 
with  a  firm  knowledge  of  the  specific  propagation  modes  present  at  the 
time  of  observation. 

A  review  of  individual  papers  in  the  literature  of  radio-wave  fading 
pertaining  to  the  present  experiment  is  included  in  Appendix  A. 

C  PURPOSE  OF  THIS  EXPERIMENT 

The  first  goal  of  this  experiment  is  to  measure  the  spatial  proper¬ 
ties  of  the  distribution  along  the  ground  in  the  vicinity  of  a  receiver 
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of  the  signal  magnitude  of  high-frequency,  ionospherically  propagated, 
continuous  radio  waves.  A  number  of  the  papers  cited  (Grisdale,  and 
others  in  Appendix  A)  have  reported  a  signal-strength  correlation  dis¬ 
tance  on  the  order  of  a  few  hundred  meters.  They  have  not  described 
the  extent  to  which  spatial  fading  patterns  show  a  regularity  or 
periodicity  or  what  the  nature  of  this  periodicity  is,  if  and  when  it 
is  present.  There  have  been  no  reports  describing  either  the  orienta¬ 
tion  or  the  velocity  of  motion  along  the  ground  of  periodic  field- 
strength  patterns  associated  with  obliquely  propagated,  hf,  cw  waves. 

The  experiments  that  describe  the  size  of  patterns  in  terms  of  a  corre¬ 
lation  distance  are  limited  in  that  they  can  not  be  precise  without  a 
knowledge  of  the  shape  ol  the  pattern  that  they  are  measuring. 

The  second  major  aim  of  this  experiment  is  to  attempt  to  describe 
the  mechanism  of  production  of  the  observed  fading  patterns.  The  rela¬ 
tion  between  the  orientation  of  periodic  fading  patterns  and  ionospheric 
tilts  is  explored.  The  dependence  of  fading-pattern-null  spacing  on 
propagation  mode  structure  is  investigated. 

D.  OUTLINE  OF  THE  EXPERIMENT  AND  ITS  PRINCIPAL  RESULTS 

The  experimental  arrangements  and  observations  arc  described  in 
detail  in  later  sections;  however,  a  brief  outline  in  the  iorm  of  a 
chronology  should  prove  useful  in  relating  the  various  results  to  each 
other  and  to  the  model  developed. 

Twelve  dipole  antennas  arranged  in  an  "L"  300m  on  a  side  we^e 
sequentially  connected  to  a  receiver  whose  output  was  recorded  as 
intensity  on  moving  film.  A  simple  analysis  of  the  recorded  receiver 
output  yielded  the  dimensions,  orientation,  and  motion  of  the  signal 
fading  patterns. 

The  first  observations  were  made  on  a  17.8-Mc,  cw  signal  transmitted 
from  Mayagucz,  Puerto  Rico,  and  received  at  Stanford,  California.  If 
the  propagating  rays  had  been  exactly  in  the  vertical  great-circle  plane 
between  the  transmitter  and  receiver,  considerations  of  symmetry  would 
have  led  to  the  expectation  of  fading  patterns  consisting  of  parallel 
nulls  lying  perpendicular  to  the  great  circle.  As  shown  later,  however, 
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if  fading  is  caused  by  destructive  interference  between  modes,  and  if 
the  ray  paths  of  the  different  modes  deviate  by  only  a  few  kilometers 
or  fractions  of  a  degree  from  the  great-circle  path,  the  resulting 
fading  pattern  can  be  rotated  by  tens  of  degrees. 

The  observed  fading  patterns  were,  in  fact,  rotated  about  60  deg 
from  the  perpendicular  to  the  great  circle  in  a  direction  that  could 
have  been  caused  by  the  small  prevailing  North-South  downward  tilt  in 
the  ionosphere  over  the  path. 

In  order  to  verify  the  hypothesis  that  the  orientation  of  the  fading 
nulls  was  clue  to  the  ionospheric  tilt,  cw  transmissions  at  17.8  Me 
were  instituted  from  Hawaii  to  Stanford.  Since  the  propagation  from 
Hawaii  was  in  approximately  the  opposite  direction  to  that  from  Puerto 
Rico  while  the  North-South  ionospheric  tilt  was  assumed  to  be  about  the 
same,  the  fading  patterns  were  expected  to  lie  at  an  angle  to  the 
propagation  path  of  about  the  same  magnitude  as  before  but  of  opposite 
direction.  The  subsequent  observation  oi  this  correlation  of  fading- 
pattern  characteristics  with  ionospheric  tilts  and  propagation-mode 
identity  lent  support  to  the  simple  interference  theory  that  had  been 
proposed  to  account  for  the  periodic  fading  patterns  observed. 

An  additional  reason  for  studying  the  liawai i -Stanford  path  was  the 
a vai labi li ty  oi  a  Granger  Associates  step-frequency,  synchronized, 
oblique  sounder  that  was  already  in  operation  at  the  Raytheon  site  at 
Pahoa ,  Hawaii.  The  use  of  the  oblique  sounder  made  possible,  at  least 
part  ol  the  time,  the  definite'  determination  of  the  identity  of  the 
modes  of  propagation,  which,  as  will  be  seen,  aided  in  the  interpretation 
of  fading  patterns. 

After  the  completion  of  the  Hawaii  measurements  the  opportunity  was 
taken  to  operate  an  oblique  sounder  and  a  cw  transmission  from  Lubbock, 
Texas,  to  Stanford,  thus  providing  data  over  a  short  path  to  complement 
that  over  the  previous,  relatively  long  ones. 


9 


SEL-64-022 


II.  r  itEDICTION  OF  CHARACTERISTICS  OF  SPATIAL  FADING  PATTERNS 


The  hypothesis  that  periodic  fading  patterns  result  from  destruc¬ 
tive  interference  between  waves  following  discrete  ray  paths  will  be 
examined  by  predicting  the  types  of  fading  patterns  to  be  expected  for 
various  propagation  configurations  and  then  comparing  these  predictions 
with  observed  fading  patterns. 

A.  FADING  PATTERN  MODEL 

The  model  described  predicts  the  null  spacing  and  direction  in 
fading  patterns  resulting  from  the  destructive  interference  of  two  sets 
of  equal-strength  wavefronts  that  are  described  by  their  bearings  and 
elevations  with  respect  to  an  observer.  Figure  2  shows  the  geometry 
of  the  incoming  plane  waves,  an  example  of  which  is  the  plane  wave 
front  shown  at  a  range  ,  bearing  -j ,  and  elevation  ",  with  respect 
to  an  observer  at  the  origin  o.  The  description  of  a  particular  wave 
front  must  include  r  but  =  and  are  sufficient  to  describe  an 

incoming  wave  in  general.  The  point  P  at  (^,  i,  '  )  or  (x,y,z  is 
the  foot  of  a  perpendicular  from  the  plane  to  the  origin. 

Figure  3  defines  the  parameters  of  a  fading  pattern  resulting  from 
the  destructive  interference  of  two  incoming  rays.  The  orientation  or 


Fig.  2.  DEFINITION  OF  GEOMETRY  OF  INTERFERING  WAVES  NEAR  A 
RECEIVER. 
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Fili.  3.  DEFINITION  OF  SPATIAL  FADING- PATTERN  PARAMETERS. 


direction  of  the  lading  pattern  is  defined  as  ,,  which  is  the  perpen¬ 
dicular  to  the  signal  minima,  or  nulls;  y  =  0  is  the  direction  from 
the  receiver  to  the  transmitter;  I)  is  the  perpendicular  spacing 
along  the  ground  between  nulls;  the  X-Y  plane  in  both  figures 
represents  the  ground. 

Equations  (5  ,  \(i  ,  and  7)  arc  the  result  of  a  complete  derivation 
in  Appendix  t! , 


A 


-1 

tan 


COS  COS  -  COS  1 2  COS  t>2 

cos  |  sin  -  eos  sin 


(5) 
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D  =  (cos 


S1  - 


cos 


cos  0 


)2+(cos 


sin 


ei  - 


cos  sin 


(7) 

This  derivation  yields  a  static  pattern,  since  the  directions  of 

the  incoming  waves  are  assumed  constant.  is  computed  along  with 

C  for  comparison  with  the  observed  data,  which  include  the  motion  of 
A 

the  nulls  and  which  exhibit  approximate  180  deg  symmetry;  is  the 

wavelength  of  the  rf  waves.  The  subscripts  1  and  2  refer  to  the 
two  waves  interfering  to  cause  the  fading  pattern.  The  earth  s  curva¬ 
ture  in  the  vicinity  of  the  receiver  is  neglected. 


B.  PREDICTION  OF  FADING  PATTERNS 

In  order  to  examine  the  equations  for  J-  and  D  it  is  convenient 
to  fix  one  ray  in  azimuth  and  elevation  and  let  the  other  vary  in  both 
these  quantities.  The  mode  configurations  examined  in  greatest  detail 
will  be  those  for  the  Hawai i-Stanford  path  since  more  data  arc  available 
for  it  than  for  the  others. 

Ray  tracings  such  as  Fig.  1  have  been  computed  by  the  method  of 
Croft  and  Gregory  [1963]  for  the  Hawaii-to-Stanford  path  based  on 
ionospheric -e lect ron-densi tv  profiles  measured  by  vertical-incidence 
pulse  soundings  at  Hawaii  and  Stanford.  From  these  and  other  ray 
tracings  based  on  a  hypothetical  ion-density  profile  derived  in  part 
from  rocket  soundings  at  Wallops  Island,  Virginia,  estimates  can  be  made 
of  typical  values  of  ray  elevation  angle  .  For  the  Hawaii-to-Stanford 
path  the  elevation  angles  of  the  received  F-laver  propagated  rays  arc 
expected  to  be:  IF  -  2  deg  to  12  deg,  21  -  1*1  deg,  3F  -  22  deg.  The 
two-  and  three-hop  E-layer  rays  are  expected  to  have  elevations  of 
2  deg  and  7  deg  when  present . 

It  is  also  necessary  to  obtain  an  estimate  of  the  expected  deviations 
from  the  great  circle  that  will  be  experienced  by  the  rays  traversing 
the  path.  Wright,  Wescott,  and  Brown  [1961]  published,  as  part  of  a 
series,  contours  of  mean  electron  density  along  the  75th  meridian.  For 
the  present  purpose  these  data  should  be  sufficiently  accurate  to  be 
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useful  in  predicting  the  ionospheric  tilt  at  the  midpoint  of  the  Hawaii. 
to-Stanford  path  65  deg  to  the  west.  Figure  4  is  a  representative  plot 
of  daytime  ion-density  contours  as  a  function  of  height  and  latitude. 


50  45 


40  i  35  30  25  20  15 

]  N  LATITUDE  (deq)  f 

SU  HAWAII 

(From  Wright  et  al  [1961]) 


Fig.  4.  REPRESENTATIVE  DAYTIME  PLOT  OF  ION-DENSITY  CONTOURS. 


Midway  between  the  Stanford  and  Hawaii  latitudes  two  segments  of  curves 
of  constant  ion  density  are  emphasized  by  heavier  lines.  The  lower  one 
can  be  taken  to  represent  the  lateral  tilt  of  the  reflecting  region 
encountered  by  relatively  low-angle  rays  while  the  upper  one  shows  the 
larger  tilt  corresponding  to  the  reflection  region  for  higher-angle 
rays.  Taking  into  account  the  vert ica 1 -scale  expansion  it  can  be  seen 
that  the  lower  contour  has  a  tilt  toward  the  south  of  1.9  deg  and  the 
upper  one  a  tilt  of  4.7  deg. 

Figure  5  shows  that  a  ray  in  traveling  from  a  transmitter  to 
receiver  by  means  of  a  reflection  from  a  tilted  ionosphere  is  reflected 
from  a  point  in  the  ionosphere  deviated  out  of  the  vertical  great-circle 
plane.  In  the  simple  case  treated  here  the  ray  must  deviate  enough  so 
that  it  lies  in  a  plane  perpendicular  to  the  tilted  layer. 

Figure  6  illustrates  the  estimation  of  lateral  deviations  expected 
for  rays  assumed  to  make  mirror-like  or  metallic  reflections  from  the 
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Fig.  5.  ILLUSTRATION  OF  RAY  DEVIATION. 


6a.  End  View  of  Propagation  Path 


DISTANCE  (km) 


6b.  Plan  View 


Fig.  6.  ESTIMATION  OF  RAY  DEVIATION  FROM  GREAT  CIRCLE. 
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layers  of  Fig.  4.  It  is  also  assumed  that  the  deviation  of  the  ray 
results  only  from  the  tilt  of  the  layer  from  which  it  reflects  and  is 
not  affected  by  tilted  lower  layers.  Figure  6a  is  an  end  view  of  the 
tilted  planes  of  propagation  containing  rays  reflecting  from  layers 
with  a  2-deg  tilt  at  200-km  height  and,  a  5-deg  tilt  at  300-km  height. 

The  resulting  lateral  deviations  out  of  the  great  circle  are  7  km  for 
the  ray  reflecting  from  the  lower  layer  and  25  km  for  the  higher  ray. 

The  fact  that  rays  of  two  or  more  hops  make  intermediate  ground  reflec¬ 
tions  out  of  the  great  circle  is  neglected  since  inclusion  of  this 
spherical-geometry  effect  would  complicate  the  estimation  of  lateral 
deviations  more  than  is  justified  by  the  accuracy  desired.  The  effect 
of  these  ground-reflection  deviations  would  clearly  be  to  increase  the 
total  lateral-ray  deviation,  probably  by  an  amount  on  the  order  of 
50  percent.  It  can  be  seen  that  the  angular-bearing  deviations  as 
observed  at  the  receiver  for  1-,  2-,  and  3-hop  rays  propagated  3741  km 
from  Hawaii  and  deviated  25  km  out  of  the  great  circle  will  be  about 
0.76,  1.5,  and  2.3  deg  to  the  south  of  the  great  circle  (Fig.  6b), 

It  is  perhaps  appropriate  to  comment  here  that,  as  shown  in  Fig.  1, 
rays  do  not  actually  make  mirror-like  reflections  from  the  ionosphere. 
Such  an  approximation  is  justified  for  the  estimation  of  ray  deviations 
performed  above  since  the  estimated  ray  heights  are  obtained  from  calcu¬ 
lations  (Croft  and  Gregory,  fl963])  not  employing  the  me ta 1 lic-ref lection 
assumption. 

Hayden  r196l’  finds  that  5-Mc  waves  transmitted  from  east  to  west 
at  40-deg  north  latitude  have  their  ordinary  magnetoionic  component 
deviated  an  average  of  9  deg  to  the  north  of  the  great  circle  while  the 
extraordinary  component  is  deviated  an  average  of  4  deg  to  the  south. 

This  effect,  however,  is  not  expected  to  be  as  pronounced  in  the  present 
experiment  at  17.8  Me  since,  as  is  shown  by  Scott  [1950]  in  a  derivation 
from  the  complete  magnetoionic  equations,  the  amount  of  deviation  of 
rays  by  interaction  with  the  earth's  magnetic  field  is  approximately 
inversely  proportional  to  the  square  of  the  wave  frequency.  In  any 
event,  the  tilted  layers  of  Fig.  4  would  be  expected  to  have  the  effects 
described  in  the  previous  paragraphs  since  they  will  impart  a  net  south¬ 
ward  deviation  to  higher-angle  rays.  Figure  4  and  others  from  Wright 
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et  al  [1961]  suggest  that  the  tilted-layer  effects  expected  in  the 
present  experiment  would  not  have  been  observed  by  Hayden  since,  at 
his  latitude,  the  layer  tilts  are  not  as  large. 

Since  the  derivation  of  expected  ray  deviations  given  here  is  based 
on  average  values  of  electron-density  profiles  observed  at  a  different 
longitude  and  in  an  earlier  year  than  the  present  experiment,  and 
includes  many  simplifying  assumptions,  it  can  establish  only  approximate 
values.  The  important  result  is  that  higher-angle  rays  over  both  the 
paths  studied  in  this  experiment  can  normally  be  expected  to  arrive  at 
the  receiver  deviated  up  to  2  or  3  deg  to  the  south  of  lower-angle  rays. 

The  curves  of  Fig.  7  describe  the  interference  patterns  expected 
when  2F  is  the  highest-order  mode  present.  The  undeviated  reference 
ray  is  a  2F  lower  ray  at  an  elevation  of  14  deg.  The  inter¬ 
fering  rays  are  both  higher  and  lower  with  varying  deviations.  A 
number  of  observations  can  be  made  with  the  aid  of  Fig.  7. 

The  fading-pattern  parameters  (as  defined  in  Fig.  3)  that  are 
expected  during  times  of  interference  between  laterally  undeviated 


Fig.  7.  PARAMETERS  OF  SPATIAL  FADING  PATTERNS  EXPECTED  WHEN  THE 
HIGHEST-ORDER  MODE  PROPAGATING  IS  2F. 
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rays  appear  in  Fig.  7  along  the  lines  9  =  0  and  180  deg  (where  AO  =  0). 
The  null  spacing  D  in  this  case  is  simply  an  inverse  function  of  the 
vertical  angular  separation  A  T)  of  the  incoming  wavefronts. 

As  one  of  the  rays  deviates  from  the  great  circle  the  fading  pattern 
undergoes  considerable  variation  both  in  9  and  D.  For  propagation 
from  Hawaii,  A -j  and  A  fc  will  have  the  same  sign,  since  rays  higher 
than  the  reference  will  be  deviated  further  south,  while  rays  lower 
than  the  reference  will  be  deviated  less  far  south  than  the  reference 
ray.  For  a  particular  elevation  separation,  as  the  bearing  separation 
increases  from  0  deg,  the  null  spacing  is  reduced  and  9  tends  toward 
90  deg  from  180  deg  or  toward  270  deg  from  360  deg. 

It  is  thus  apparent  that,  as  a  result  of  the  lateral  tilts,  the 
null  angle  for  the  Hawaii  path  will  lie  in  quadrants  II  and  IV  defined 
in  the  usual  geometrical  manner.  That  is,  90  deg  <  >  <  180  deg  or 
270  deg  <'  ;  <  360  deg.  Since  the  direction  of  the  ionospheric  tilt  as 
seen  from  the  receiver  is  reversed  for  the  Puerto  Rico  and  Texas  paths, 

,  for  them  should  lie  in  quadrants  I  and  III.  The  180-deg  ambiguity 
in  each  case  arises  because  the  geometrical  wave-interference  derivation 
used  to  find  v  predicts  only  the  orientation  and  not  the  motion  of 
the  fading  patterns. 

The  curve  marked  3F  (A  =  8  deg)  sets  one  lower  limit  on  the  value 
of  I)  for  two-hop  F  propagation  since  higher  elevation  angles  corre¬ 
spond  to  three-hop  propagation.  Another  lower  limit  to  D  is  set  by 
the  maximum  expected  value  of  o,  which  has  been  estimated  above 

as  about  2  deg  for  the  two-hop  ray.  The  A  o  =  2  deg  and  A  Tj  =  8  deg 
lines  intersect,  giving  an  approximate  minimum  expected  value  of 
0  =  0.3  km  for  2F  propagation.  Figures  8  and  9  show  that  the  corre¬ 
sponding  minimum  values  of  null  spacing  are  about  0.5  km  and  0.2  km 
for  the  cases  in  which  IF  and  3F  are  respectively  the  highest-order 
rays. 

The  dashed  curve  marked  IF  in  Fig.  7  represents  the  fading  patterns 
caused  by  interference  between  the  2F  lower  and  IF  lower  rays.  The 
maximum  value  of  D  in  all  cases  is  essentially  unlimited. 

The  time  variation  of  9  and  D  during  simple  special  events, 
such  as  the  appearance  at  the  operating  frequency  of  the  two-hop  ray, 
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Texas  and  Puerto  Rico  Data  Expected  in  Quadrants  I  and  III;  Hawaii 
Data  Expected  in  Quadrants  II  and  IV. 


Fig.  8.  PARAMETERS  OF  SPATIAL 
FADING  PATTERNS  EXPECTED 
WHEN  IF  IS  THE  HIGHEST- 
ORDER  PROPAGATING  MOPE. 


Fig.  9.  PARAMETERS  OF  SPATIAL 
FADING  PATTERNS  EXPECTED 
WHEN  3F  IS  THE  HIGHEST- 
ORDER  PROPAGATING  MODE. 


can  be  predicted.  The  difference  in  elevation  angle  of  the  two  2F 
rays  in  Fig.  6a  is  approximately 


-1  diff.  in  reflection  height  -1  100  km  „ 

-  _  tan  - — — — - — 2 —  =  tan  -  =  o  dec 

range  to  reflection  point  935  km 

If  it  is  assumed,  as  in  Fig.  6a,  that  the  difference  in  bearing  angles, 
1.1  deg,  is  proportional  to  the  difference  in  elevation,  then 
Ao  =  0.18  A  "| .  When  2F  energy  first  appears,  the  upper  and  lower 
rays  will  be  nearly  identical  and  the  fading  will  be  indeterminate. 
However,  as  the  MOF  for  the  two-hop  ray  increases,  the  upper  and 
lower  rays  will  separate  in  both  elevation  and  bearing,  as  shown  by  the 
vertical  dotted  line  in  Fig.  7.  The  values  of  D  and  f  along  this 
line  show  that  the  fading  patterns  would  be  expected  to  maintain  an 
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approximately  constant  bearing  (depending  on  )  but  to  decrease  in 

A  1 

spacing.  Of  course,  if  the  2F  upper  ray  is  weaker  than  the  IF 
lower  ray,  the  elevation  angles  of  the  strongest  interfering  rays  will 
come  closer  together  as  the  2F  lower  ray  decreases  in  elevation,  and 
the  null  spacing  will  start  at  a  relatively  small  value  and  increase. 

It  should  be  noted  that  Fig.  7  was  actually  derived  for  the  case 
where  both  rays  arc  deviated  equal  amounts  but  in  opposite  directions 
from  the  great  circle.  The  error  introduced  by  this  shift  is  very 
small,  however,  because  the  largest  effect  on  t  is  from  the  difference 
in  bearing  of  the  interfering  waves.  If  both  rays  are  equally  shifted 
a  few  degrees,  the  fading  patterns  rotate  only  the  amount  of  the  shift, 
which  is  much  less  than  the  change  in  t  that  would  be  caused  by 
relative  bearing  changes  of  the  same  magnitude. 

To  summarize  this  discussion,  it  is  expected  that,  for  signals 
propagated  from  Hawaii,  the  fading  nulls  will  have  velocity  bearings 
i  in  quadrants  II  and  IV  and  the  null  spacing  will  decrease  as  the 
order  of  the  propagating  modes  increases.  The  signals  from  Puerto  Kioo 
and  Texas  are  expected  to  have  null  directions  in  quadrants  I  and  II 
as  a  result  of  the  opposite  relation  between  propagation  direction  and 
ionospheric  tilt  over  those  paths. 


C.  NULL  VELOCITY 

The  null  velocity  is  given  by 


V  =  DxF ,  (8) 

where  D  is  expected  to  lie  in  the  approximate  range  of  0.2  to  2  km 
and  F  is  the  fading  rate  in  cps  observed  on  any  individual  antenna. 

The  signal  fading  rate  observed  on  a  single  antenna  is  equivalent  to 
the  beat  frequency  between  the  radio-frequency  voltages  of  two  rays 
that  have  experienced  different  doppler  shifts  as  a  result  of  vertical 
ionospheric-layer  motion  or  electron-density  variation.  This  phenomenon 
has  been  studied  by  a  number  of  investigators.  Davies  et  al  [1962] 
give  a  clear  exposition  of  the  various  mechanisms  resulting  in  such 
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frequency  shifts.  Fenwick  [i960]  finds  doppler  shifts  on  the  order  of 
0.1  to  2  cps  over  paths  similar  to  those  studied  here. 

The  null  velocity  will  adjust  itself  according  to  Eq.  (8)  to 
accommodate  the  fading  rate  determined  by  the  difference  in  doppler 
shifts  of  the  interfering  waves  and  the  null  spacing  determined  by  the 
static  ray  geometry.  The  average  value  of  V  can  therefore  be  expected 
to  be  near  the  geometrical  mean  of  the  range  0.02  to  4  km/sec,  or  about 
0.3  km  ^sec . 
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III.  EXPERIMENTAL  ARRANGEMENTS 


A.  CW  RECEIVING  ARRAY 

The  spatial  signal-strength  fading  patterns  are  observed  by  means 
of  a  group  of  antennas  (Fig.  10)  consisting  of  two  perpendicular  rows 
of  horizontal  dipoles  each  tuned  to  17.8  Me.  One  row  of  seven  dipoles 
is  on  a  line  at  96  deg  east  of  North  (the  bearing  from  Stanford  to 
Puerto  Rico,  where  the  transmitter  was  originally  located).  The  other 
row  of  five  dipoles  is  perpendicular  to  the  first.  The  individual 
antennas  are  9  meters  (one-half  wavelength)  above  ground  and  are  spaced 
61  meters  (3.6  wavelengths)  center  to  center.  During  the  course  of  the 
Hawaii  experiment  an  extra  dipole  was  added  between  No.  6  and  No.  7, 
to  facilitate  interpreting  very  closely  spaced  fades. 

Individual  coaxial  cables  connect  each  antenna  to  an  electronic 
commutator  in  the  receiver  building.  The  commutator,  consisting  of 
diode  gates  driven  by  multivibrators,  samples  each  antenna  in  numerical 
order  for  5  msec,  repeating  a  cycle  every  85  msec.  The  commutated 
signal  then  goes  to  a  Collins  R-390A  communications  receiver  with  a 
bandwidth  of  2  kc  and  a  modified  AGC  time  constant  of  about  2  sec. 

The  1-f  output  of  the  receiver  modulates  the  beam  intensity  of 
an  oscilloscope  whose  sweep  is  synchronized  with  the  commutator  cycle. 
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Fig.  10.  PLAN  VIEW  OF  FADE-SAMPLING  ARRAY. 
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ANTENNA  NUMBERS 


When  this  intensity-modulated  sweep  is  photographed  by  a  film  moving 
perpendicular  to  the  trace  at  constant  speed,  a  record  such  as  Fig.  11 
is  produced.  The  dark  regions  correspond  to  signal  minima,  the  light 
ones  to  signal  maxima. 


4-20-63  TYPICAL  FADING  NULLS  II44PST 


>12  TllT*l  T*l 

22.2  sec  SAMPLE - 


Fig.  11.  TYPICAL  RECORD  FROM  FADE-SAMPLING  ARRAY. 


If  a  series  of  straight-line  signal  nulls  moves  across  the  array, 
the  direction,  spacing,  and  speed  of  the  nulls  can  be  obtained  by 
measuring  the  times  when  adjacent  fades  cross  antennas  1,  7,  and  12. 

No  numerical  measurement  is  made  on  the  remaining  antennas,  although 
the  information  from  them  is  essential  to  identify  the  presence  of 
straight  fades,  their  gross  direction,  and  their  spacing.  For  example, 
the  two  idealized  null  pattern  records  superimposed  in  Fig.  12  would  be 
indistinguishable  from  each  other  if  observed  on  antennas  1,  7,  and  12 
only.  The  shape  and  motion  of  small-scale  curved  fades  could,  in 
principle,  be  deduced,  but  the  reduction  problem  would  be  formidable 
and  the  results  would  be  ambiguous. 

Data,  as  in  Fig.  11,  are  recorded  for  approximately  20-sec  periods 
at  2 -min  intervals  throughout  the  day.  The  information  describing  two 
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_  PATTERN  NO.  1 

- PATTERN  NO.  2 

Fig.  12.  TWO  HYPOTHETICAL  FADING-PATTERS'  RECORDS  SHOWING  INADEQUACY 
OF  MEASUREMENTS  USING  ONLY  THREE  ANTENNAS. 

adjacent  nulls  out  of  each  2-min  period  is  transcribed  from  the  film 
onto  punched  IBM  cards  by  means  of  a  Benson-Lehner  Corp.  Boscar  film 
reader.  The  choice  of  which  particular  null  pair  to  record  is  sub¬ 
jective,  with  the  object  being  to  pick  one  that  is  fairly  representative 
of  that  20-sec  period  and  that  is  also  clear  enough  to  read  accurately. 
After  the  data  are  on  cards,  they  are  analyzed  by  means  of  a  computer 
program  that  yields  the  direction  ?  of  the  perpendicular  to  a  null, 
the  perpendicular  spacing  D  along  the  ground  between  the  nulls,  the 
apparent  velocity  V  of  the  nulls  in  the  direction  perpendicular  to 
their  length,  and  the  single-component  fading  rate  F,  which  is  the 
fading  rate  that  would  be  observed  on  a  single  antenna  if  the  measured 
pattern  were  the  only  fading  present. 

The  following  is  a  sample  calculation  of  fading  parameters  from 
the  measured  times  in  Fig.  11.  Velocity  V  and  direction  1  arc 
computed  separately  for  each  of  the  two  nulls,  and  then  an  average 
value  of  each  parameter  is  obtained.  The  fading  rate  is  simply  the 
reciprocal  of  the  average  time  between  nulls  as  measured  on  each  of  the 
three  antennas.  The  null  spacing  is  the  average  velocity  divided  by 
the  fading  rate.  The  null  configuration  deduced  by  means  of  these 
calculations  is  shown  in  Fig.  13. 
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Fig.  13.  PLAN  VIEW  OF  NOLL  CONFIGURATION  DEDUCED  FROM  FIG.  11. 


d^  =  0.3658  km  (spacing  between  antennas  No.  1  and  7' 

d  =  0.30-18  km  (spacing  between  antennas  No.  7  and  12) 

The  component  of  null  velocity  along  each  leg  of  the  antenna  array  is 

computed  first. 

d 

v  _  - 2 —  -  -0.1361  km  sec 

X1  t12_lll 

cl 

v  =  - ' -  =  -1.27  km  sec 

yl  l13_l12 

d 

v  =  - — -  =  -0.1698  km/sec 

X2  t22~t21 

d 

v  =  - - -  =  -15.25  km/sec 

y2  t23~l22 


The  component  velocities  are  used  to  determine  the  direction  of  motion 
of  the  null  (perpendicular  to  the  null  itself). 
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*  =  a  +  151  +  tan"1  — -  =  337  dog 

1  \ 

n  is  added  in  this  example  because  both  component  velocities  are 
negative;  151  deg  are  added  to  rotate  the  coordinates  so  that  a  null 
traveling  toward  the  transmitter  (Hawaii  will  have  i  =  0  deg. 

v 

-1  X2 

1  =  n  +  151  +  tan  -  =  332  deg 

2  v 

*2 

The  average  of  the  two  values  is  obtained. 

*  =  ~  =  334  deg 


V  V 

X1  yl  / 

V  _  - -  -  ■  =  0.1351  km  sec 


1  '  f2  2  1 

v  +  v 

X1  V1 

_  — 


X2  y2 


V  =  •= - — 

2  2  2 
v  +v 

ln  >'2J 


=  0 . 1698  km  sec 


Vv 

v  =  — -  =  0.153  (average  velocity  of  the  nulls  km  sec 


p  _  t  /r  C »  _ t  ( t  —  t  i  +  ( t  —  t  0,266  cps 

F  "  3  iU23  13  n  22  12  V  21  11 


D  =  ^  =  0.575  km 
F 

The  fading-pattern  measurements  have  the  following  limitations. 

The  smallest  null  spacing  that  can  be  reliably  measured  is  about 
0.1  km  as  a  result  of  the  spacing  between  the  elements  of  the  sampling 
array . 
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The  largest  null  spacing  that  can  be  measured  is  limited  by  the 
20-sec  sample  time  and  is  a  function  of  null  velocity.  For  a  typical 
null  velocity  such  as  0.5  km/sec  the  maximum  measurable  spacing  would 
be  10  km. 

The  slowest  fade  that  can  be  readily  measured  is  one  that  takes  the 
entire  20-sec  sample  time  to  cross  the  array.  This  corresponds  to  a 
velocity  of  0.015  km /sec. 

A  null  traversing  the  entire  array  in  two  or  three  sampling  sweeps 
of  85  msec  each  would  have  a  velocity  of  about  1.5  km  sec  which  would 
be  the  maximum  velocity  observable.  Faster  nulls  would  appear  to  strike 
the  entire  array  at  once. 

The  angular  resolution  depends  on  the  sharpness  of  the  nulls;  how¬ 
ever,  values  of  i  are  frequently  observed  to  have  a  spread,  over 
several  measurements,  of  about  5  deg,  which  is  probably  a  reasonable 
estimate  of  the  resolution. 

A  small  error  in  measurement  of  j  is  contributed  by  the  uneven 
terrain  on  which  the  antennas  are  situated.  For  rays  at  an  elevation 
of  5  deg  the  error  in  ■;  is  about  10  deg,  but  for  elevations  of  10  deg 
or  more  the  error  is  less  than  2  deg.  Since  most  of  the  waves  observed 
arrive  with  elevation  angles  greater  than  10  deg,  this  error  is 
negligible . 

B.  CW  TRANSMISSIONS  AND  PATHS 

Three  paths  were  studied  during  the  course  of  the  experiment.  The 
parameters  of  the  cw  transmissions  are  presented  in  Table  1. 

C.  OBLIQUE  SOUNDERS 

1 .  Description 

A  Granger  Associates,  synchronized,  oblique,  ionosphere  sounder 
was  operated  over  the  paths  from  Hawaii  and  Texas  to  Stanford  in  order 
to  be  able  to  identify  the  modes  propagating  at  any  given  time.  Briefly, 
this  system  operates  by  transmitting  from  one  end  of  the  path  a  short 
(50-usec)  pulse  that  is  received  on  a  synchronized  receiver  at  the  other 


SEL-64-022 


26 


TABLE  1.  CW  TRANSMISSION  PARAMETERS 


Path  Great-Circle 

Bearing  from 
Stanford ,  Calif, 
(deg) 

Range 

(km) 

cw 

Frequency 

(Me) 

cw 

Power 

(w) 

Height  of 
Transmitting 
Antenna 
(3-element 
yagi ) (m) 

■ 

Mayaguez , 

P  ,R  . ,  to 
Stanford , 
Calif. 

96 

5724 

17  .8825 

700 

14 

5- 14-62 

to 

6- 1-62 

Pahoa , 
Hawaii,  to 
Stanford , 
Calif. 

247 

3741 

17 .8625 

700 

21 

11-2-62 

to 

6-8-63 

Lubbock , 
Texas,  to 
Stanford , 
Calif. 

9b 

1840 

17.7385 

50- 

500 

15 

8-1-63 

to 

10-23-63 

end  and  Intensity  displayed  on  35-mm  film.  The  presence  of  more  than 
one  path  of  propagation  splits  the  pulse  into  a  number  of  components 
spread  in  time  by  up  to  2  or  3  msec.  After  sending  up  to  10  pulses  on 
one  frequency,  both  the  transmitter  and  receiver  shift  to  a  higher 
frequency,  spaced  (according  to  the  frequency  band)  by  100  to  800  kc 
and  the  process  is  repeated,  sweeping  in  this  manner  from  4  to  64  Me, 
thus  covering  the  entire  high-frequency  range  of  interest. 

The  peak  pulse  power  from  both  oblique  sounders  was  30  kw,  pulse 
width  was  50  asec,  and  PRF  20  pps.  The  Stanford  end  of  the  sounder 
paths  was  instrumented  with  a  Granger  model  902  transmitter-receiver 
that  had  been  modified  to  perform  a  number  of  experiments  simultaneously, 
of  which  this  was  only  one.  The  Stanford  sounder  antenna  was  a  Collins 
237B-1  rotatable  logarithmic  periodic  antenna  30  m  above  a  55-m-high 
knoll.  It  therefore  had  a  much  greater  sensitivity  to  low-angle 
radiation  than  the  cw  array. 

The  sounder  system  was  used  only  for  the  Hawaii  and  Texas  paths. 

A  Granger  model  904  transmitter  was  located  at  Pahoa,  Hawaii,  feeding 
a  21-m-high  rhombic  antenna  122  m  long  on  each  leg.  Ten  pulses  per 
channel  were  transmitted.  The  transmission  direction  was  reversed  for 
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Texas.  Six  pulses  per  channel  were  transmitted  from  Stanford  to  a 
Granger  model  903  receiver  at  Lubbock,  which  used  a  Hy-gain  LPA  24-m 
high  for  reception. 

2 .  Interpretation  of  Sounder  Data 

Figure  14a  shows  an  oblique  ionogram  for  the  Hawaii -to-Stanford 
path.  Figure  14b  is  a  tracing  of  the  sounder  signal.  The  solid  vertical 
lines  are  interfering  signals  and  should  be  disregarded.  Four  basic 
phenomena  produce  the  most  noticeable  characteristics  of  oblique 
ionograms . 

1.  The  travel  time  of  rays  increases  with  the  number  of 
ionospheric  reflections. 

2.  The  maximum  observable  frequency  (MOF  of  a  mode  decreases 
as  the  number  of  hops  increases. 

3.  The  upper  ray  associated  with  a  particular  mode  has  its 
greatest  amplitude  near  the  MOF  of  that  mode. 

4.  An  upper  ray  has  a  greater  travel  time  than  its  associated 
lower  ray.  Both,  of  course,  merge  at  the  MOF. 

These  characteristics  are  used  to  identify  the  propagation  modes 
contributing  to  the  received  17.8-Mc,  cw  signal  on  which  the  fading 
pattern  measurements  arc  made.  As  will  be  seen  later  in  the  data,  not 
all  ionograms  are  as  readily  interpreted  as  Fig.  14a,  which  merely 
indicates  that  the  ionosphere  docs  not  always  fit  a  simple  model. 

In  Fig.  14  the  IF,  2F,  and  3F  rays  have  MOF's  of  about  31,  19,  and 
13.5  Me  respectively.  2  and  3  hep  E  layer  rays  appear  with  MOF's  of 
23  and  16  Me. 
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iv.  OBSERVATIONS  AND  INTERPRETATIONS 


A.  AMOUNT  OF  PERIODIC  FADING  OBSERVED 
1.  Definition  of  Periodicity 

One  of  the  primary  results  desired  from  this  experiment  is  a 
knowledge  of  the  degree  of  regularity  or  periodicity  exhibited  by  the 
observed  fading  patterns. 

Two  semi -objective  standards  of  periodicity  are  established.  The 
fading  patterns  are  considered  "periodic"  if  they  appear  at  least  as 
regular  as  the  samples  in  Fig.  15.  The  patterns  are  considered 
"measurable"  if  they  appear  as  regular  as  the  samples  in  Fig.  16. 

Though  it  is  difficult  to  establish  purely  objective  criteria  for  these 
categories,  it  is  readily  apparent  that  the  "measurable"  patterns  in 
Fig.  16  show  a  greater  degree  of  irregularity  than  the  "periodic  ones 
of  Fig.  15.  It  is  equally  clear  that  the  "measurable"  patterns  exhibit 
enough  tendency  toward  regularity  for  measurements  made  on  appropriate 
adjacent  fades  to  be  characteristic  of  the  fading  during  the  sample 
period . 

The  samples  of  Fig.  17,  though  strictly  speaking  not  all  random, 
do  not  have  enough  regularity  to  make  meaningful  pattern  measurements. 
For  example,  adjacent  nulls  in  the  center  frame  on  the  left  in  Fig.  17 
appear  to  be  moving  in  opposite  directions.  The  irregular  patterns 
usually  have  sizes  and  shapes  similar  to  the  regular  ones,  indicating 
that  they  probably  are  a  result  of  similar  but  more  complex  mechanisms, 
such  as  interference  between  three  or  more  raypaths  of  comparable 
intensity,  or  between  raypaths  that  have  been  subjected  to  random 
focusing  or  ion-density  variations  of  sufficient  magnitude  to  obscure 
their  regularity. 

2 .  Dependence  on  Path  Length 

The  periodicity  of  the  observed  fading  patterns  decreases  with 
path  length,  with  "periodic"  patterns  present  on  20  percent  of  the 
signals  received  from  Texas  but  on  only  2  percent  of  those  from  Puerto 
Rico.  These  results  are  shown  in  Fig.  18.  Early  in  the  course  of  the 
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Fig.  18.  PERIODICITY  OF  FADING  PATTERNS  AS  A  FUNCTION  OF  PATH  LENGTH. 
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experiment,  when  the  Puerto  Rico  data  were  being  analyzed,  a  somewhat 
more  flexible  standard  existed  for  the  classification  of  patterns  as 
"measurable,"  resulting  in  the  range  of  uncertainty  shown. 


3 .  Maximum  Random  Ionization  Possible  during  Periods  of 
Periodic  Fading 


It  is  interesting  to  consider  the  maximum  amount  of  random 
variation  in  electron  density  that  can  be  present  along  two  raypaths 
that  are  interfering  to  form  a  periodic  fading  pattern.  A  1-radian 
random  variation  of  the  phase  of  the  signal  following  one  path  with 
respect  to  that  of  one  following  the  other  during  one  fading  period 
would  certainly  destroy  a  periodic  pattern.  The  following  development 
establishes  the  percentage  change  in  ionization  necessary  to  produce 
such  a  phase  shift. 

Consider  destructive  interference  between  one-  and  two-hop  F-layer 

rays  on  a  3741-km  path  such  as  Hawaii  to  Stanford.  The  rays  travel 

about  2000  km  in  the  ionized  region  between  heights  of  140  and  250  km 

(see  Fig.  l).  The  approximate  average  ionization  density  in  this  region 

10  3 

during  periods  of  two-hop,  17-Mc  propagation  is  N  =  30x10  electrons/m  . 
At  an  instant  of  time  the  phase  of  a  wave  is  defined  by  the  voltage 
equation  V  =  e  ,  where  fi  =  g/v^  is  the  phase  constant  expressed 
in  radians  meter.  For  simplicity,  p  is  assumed  constant  in  the 
ionized  region  and  the  magnetic  field  is  neglected.  With  these 
restrictions , 
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let  A  PB  =  1  radian.  Then 
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11  3 

As  noted  above,  N  =  3x10  electrons  m 
P  =  2xl06  m 

6 

u  =  2.-.xl7.8xl0  radians  sec. 

The  remaining  parameter  values  appear  with  Eqs.  ,1  ,  (2  .  We  thus 
have  the  result  that,  if  a  measurable  fading  pattern  is  present,  the 
ionization-density  difference  between  the  two  paths  must  not  change 
randomly  by  more  than  0.003  percent  during  a  fading  period,  typically 
about  2  sec.  Since  the  random  difference  variation  is  less  than 
0.003  percent,  the  random  variation  of  ionization  along  each  path  can 
not  exceed  0.003  percent  by  any  large  amount  because  this  would  require 
the  ionization  along  both  paths  to  vary  in  the  same  random  manner. 

Examination  of  fading-pattern  data  reveals  that,  though  a  pattern 
may  persist  for  periods  of  an  hour  or  more,  the  spatial  phase  variation 
of  the  nulls  seldom  remains  uniform  for  longer  than  10  or  20  sec.  That 
is,  if  a  tracing  is  made  of  a  10-sec  period  of  fading-data  film  and  is 
then  translated  to  the  following  10-sec  period,  the  nulls,  though  quite 
similar,  are  not  congruent. 

It  can  be  concluded  from  these  results  that  the  random  variation 
in  electron  density  along  an  ionospheric  raypath  during  periods  of 
periodic  fading  is  approximately  0.003  percent  in  a  10-sec  period. 
During  periods  of  random  fading  patterns,  which  inciude  the  majority 
of  signals,  the  random  fluctuations  in  ion  density  are  greater  than 
0.003  percent  in  a  1-  or  2-sec  period. 

These  results  are  in  good  agreement  with  results  from  vertical- 
incidence-sounding  data  obtained  by  Wright,  Wescott  and  Biown  [1961], 
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which  show  that,  following  layer  formation,  the  average  diurnal  variation 
in  electron  density  is  about  10  percent/hr,  or  about  0.003  percent/sec. 
This  figure  is  taken  from  an  average  electron-densi ty-vs-time  curve  for 
a  fixed  height  of  200  km.  Actual  hourly  variations  are  therefore 
smoothed  and  are  probably  somewhat  larger. 

B.  TYPICAL  FADING  PATTERN  AND  PROPAGATION  MODE  OBSERVATIONS 

1.  1  May  1963 

Figure  19  displays  for  a  typical  day  a  series  of  plots  (to  the 
same  time  scale)  of  null  spacing,  direction,  velocity,  and  propagation 
mode  structure.  Each  point  on  the  D,  j,  and  V  plots  represents  a 
measurement  of  the  fading  pattern  observed  during  a  separate  20-sec 
sample  period.  The  propagation-mode  structure  is  represented  in 
simplified  form  by  a  delay-time-vs-time-of-day  plot  that  was  synthesized 
from  the  sweep-frequency  oblique-sounder  records.  Samples  of  the 
latter  along  with  fading  patterns  observed  at  the  same  time  are  shown 
in  Fig.  20  and  are  identified  by  the  circled  numbers  in  Fig.  19. 

At  0900  PST,  Fig.  19  (7),  only  two-hop,  E-layer  propagation  was 
present.  No  signal  was  observed  on  the  cw  receiver,  because  of  the  low 
angle  of  arrival  (2  deg'>  of  the  2E  rays.  The  sweep-frequency  sounder 
was  more  sensitive  to  low-angle  rays  than  the  cw  receiver.  See 
Chapter  III  for  details. 

By  0950  PST,  Fig.  19  (T),  the  one-hop,  F-layer  signal  had  appeared 
on  both  the  sounder  and  cw  receivers.  The  IF  ray  can  arrive  at  angles 
from  2  deg  up  to  about  12  deg,  the  latter  occurring  during  periods  of 
layer  formation  and  decay  when  the  upper  and  lower  rays  follow  similar 
trajectories.  The  fading  pattern  is  broad  and  diffuse  as  a  result  of 
the  low  and  nearly  equal  arrival  angles  of  the  interfering  IF  upper 
and  IF  lower  rays. 

At  1110  PST,  two-  and  three-hop,  E-layer  rays  were  visible  on  the 
sounder  but  no  cw  signal  was  visible.  When  the  IF  ray  reappeared  at 
1115  PST  on  the  oblique  sounder  the  cw  signal  reappeared  with  large 
values  of  null  spacing.  As  the  MOF  of  the  IF  ray  increased  and 
the  angle  of  arrival  of  the  upper  and  lower  rays  diverged,  the  null 
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spacing  decreased  as  expected  (Chapter  II-B).  Figure  19  ^3^  shows  the 
propagation  modes  and  fading  patterns  during  this  period. 

Figure  19  illustrates  a  weak  cw  signal  with  diffuse,  irregular, 
fading  patterns  observed  during  a  period  when  only  the  IF  lower  ray 
was  present.  The  E-layer  rays  are  presumed  to  remain  at  about  the  same 
arrival  angle  and  so  do  not  contribute  to  the  cw  signal. 

At  about  1730  PST  the  two-hop  F  ray  appeared,  the  cw  signal  strength 
increased,  and  the  null  spacing  decreased,  implying  that  the  fading  was 
then  a  result  of  interference  between  IF  and  2F  rays  as  opposed  to 
the  IF  upper-lower  ray  interference  observed  from  1500  to  about  1700. 
Figure  19  ©  illustrates  the  modes  and  the  fading. 

From  about  1900  PST  to  signal  fade-out  the  mode  structure  became 
ambiguous.  Detailed  ray  tracings  in  Appendix  C  show,  for  example, 
that  at  extreme  one-hop  ranges  such  as  the  3741  km  from  Hawaii  to 
Stanford,  it  is  possible  to  have  three  separate  and  distinct  one-hop, 
F-layer  rays  with  appreciable  separations  in  time  delay  as  a  result  of 
partial  E-layer  bending. 

At  2000  PST,  Fig.  20  ^o) ,  the  first  half  of  the  fading-pattern 
data  is  obscured  by  the  transmitter  identification  keying,  which  occurred 
on  each  hour  and  half-hour.  Other  fading-data  frames  in  Figs.  20  and 
22  that  are  nominally  on  the  hour  or  half-hour  are  actually  2  min  later. 

The  i -vs-time  plot  of  Fig.  19c  displays  the  predicted  concentration 
of  values  in  quadrants  II  and  IV  characteristic  of  signals  propagated 
from  Hawaii.  Another  typical  feature  is  the  reversal  of  direction  of 
i  with  a  period  on  the  order  of  2  hr.  The  reversal  of  the  direction 
of  motion  of  the  nulls  is  thought  to  be  a  result  of  reversal  of  the 
difference  in  ionospherically  caused  frequency  shifts  of  the  two 
interfering  waves  (Chapter  II-C). 

The  smaller  variations  in  null  angle  9  are  probably  a  result  of 
small  scintillations  in  6,  the  bearing  angle  of  the  individual 
arriving  waves.  Figure  7  shows  that  very  small  variations  can  lead 

to  much  larger  changes  in  9.  Bramley  [1956]  measured  random  bearing 
fluctuations  of  single  rays  at  11  Me  of  about  2  deg  about  the  mean 
bearing.  Waterman  and  Strohbehn  [1963]  have  described  small-amplitude 
wave  motions  in  a  reflecting  medium  that  can  cause  scintillations  in 
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Fig.  19.  PLOTS  OF  NULL  SPACING,  DIRECTION,  VELOCITY 
PROPAGATION -MODE  STRUCTURE  FOR  1  MAY  1963. 
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the  angle  of  arrival  of  radio  waves  reflected  obliquely  from  such  a 
surface.  Though  their  experimental  work  was  at  a  wavelength  of  10  cm, 
the  mechanism  they  describe  should  be  generally  applicable. 

2.  18  April  1963 

Figures  21  and  22  show  more  typical  mode  configurations  and 
associated  fading  patterns  for  18  April  1963.  The  fading  during  the 
appearance  of  the  two-hop  ray  is  interesting.  The  rays  must  have  been  in 
the  vertical  great-circle  plane  at  this  time  since  «  was  0  deg. 

During  the  course  of  the  establishment  of  the  two-hop  ray,  the  null 
spacing  increased  from  0.35  to  0.6  km,  implying  that  the  interfering 
rays  were  coming  closer  to  each  other  in  angle  of  arrival.  For  this 
reason  the  interference  must  have  been  between  the  IF  and  2F  lower 
rays  rather  than  between  2F  upper  and  lower  rays. 

Later,  at  1500,  a  three-hop,  F-layer  reflection  appeared,  and  with 
it  periodic  fading  with  characteristically  small  spacing  between  nulls. 

C.  CORRELATION  OF  OBSERVED  FADING-PATTERN  PARAMETERS  WITH  KNOWN 

MODE  CONFIGURATIONS 

1 .  Hawaii  Data 

The  parameters  of  fading  patterns  observed  during  periods  of 
known  propagation -mode  structure  are  compared  in  Fig.  23  with  values 
predicted  to  occur  as  a  result  of  various  typical  propagation  conditions. 
This  comparison  is  one  of  the  most  fruitful  in  demonstrating  the  effects 
of  the  relative  elevation  and  bearing  of  radio  waves  interfering  to 
form  spatial  fading  patterns  on  null  spacing  and  orientation.  As 
before,  the  discussion  will  deal  in  detail  primarily  with  results 
observed  on  signals  from  Hawaii,  since  more  data  are  available  for 
this  path  than  for  the  others. 

Oblique-sounding  records  such  as  are  shown  in  Fig.  20  were  examined 
for  instances  during  which  the  mode  structure  was  relatively  unambiguous 
and  readily  interpreted.  One-hundred-and-eleven  hours  of  such  data 
were  found  on  22  days  between  19  March  and  6  June  1963.  During  these 
times  it  was,  of  course,  also  required  that  the  cw  transmitting  and 
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receiving  equipment  be  operating  properly,  and  that  the  ionosphere  be 
dense  enough  to  support  a  signal  at  17.8  Me. 

The  fading  data  were  sorted  into  three  groups  in  which  the  highest- 
order  propagating  mode  observed  on  the  coincident  oblique  ionograms 
was  either  IF,  2F,  or  3F .  The  static  fading  parameters  for  these 
throe  groups  were  then  plotted  in  Fig.  23,  superimposed  on  grids  of 
values  predicted  for  typical  ray  elevations  for  the  different  modes. 

The  grids  are  calculated  from  Eqs.  (5),  (6),  and  (7)  and  are  in  fact 
the  same  as  those  in  Figs.  7,  8,  and  9,  except  that  they  show  4>  values 
in  quadrants  III  and  IV  separate  from  those  in  I  and  II  and  that  they 
include  more  detailed  values  of  A  b  and  A 

11  is  clear  at  once  from  examination  of  Fig.  23  that  the  bulk  of 
values  of  i  lie  in  quadrants  II  and  IV  and  that  interference  between 
higher-order  modes  results  in  decreased  values  of  null  spacing.  In 
general,  the  observed  data  agree  quite  well  with  the  values  predicted 
by  the  interference  model  and  expected  ionospheric  tilt  discussed  in 
Chapter  II.  In  view  of  the  approximate  180-deg  symmetry  of  the  data, 
two  centroids  (shown  as  circled  crosses)  were  calculated  for  each  of 
the  scatter  plots  of  D  vs  i.  The  logarithmic  D  scale  makes  the 
centroids  appear  slightly  high,  and  the  scarcity  of  points  on  the  3F 
plot  makes  the  centroids  in  that  case  somewhat  ambiguous.  In  addition, 
values  of  D  greater  than  10  km  were  plotted  as  10  km,  but  the  cen¬ 
troids  were  calculated  using  the  full  values. 

A  number  of  interesting  additional  phenomena,  not  all  of  which  are 
understood,  appear  in  the  D-vs-<J  scatter  plots. 

In  Fig.  23a  there  are  two  quite  symmetrical  groups  of  points 
clustered  about  J  =  100  deg  and  $  =  280  deg,  with  values  of  D 
between  0.4  and  2.0  km,  corresponding  to  values  of  A  u  (bearing 
separation  between  0.5  and  2.0  deg  and  elevation  separation  A  *]  up 
to  about  6  deg.  These  points  probably  correspond  to  interference  between 
IF  upper  rays  and  either  IF  lower  rays  or  3E  rays. 

There  is  another  group  of  points  in  Fig.  23a,  with  values  of  9 
between  330  and  360  deg,  that  is  not  balanced  by  a  corresponding  group 
near  180  deg.  These  points  have  values  of  AO  up  to  about  1  or 
2  deg  and  values  of  At]  over  8  deg.  They  seem  to  result  from 
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Fig.  22.  COMPARISONS  OF  cw  FADING  PATTERNS  AND  PROPAGATION -MODE 
RECORDS  FOR  18  APRIL  1963. 
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interference  between  rays  that  are  both  close  to  the  great-circle  bear¬ 
ing  and  that  never  come  close  to  each  other  in  elevation,  such  as  per¬ 
haps  different-order  B -layer  rays.  The  fact  that  *  for  this  group  is 
near  360  deg  means  that  the  nulls  are  moving  in  the  approximate  direction 
of  the  transmitter.  Such  motion  would  result  if  the  frequency  of  the 
higher-elevation-angle  ray  had  a  larger  positive  value  of  doppler  shift 
than  the  lower-elevation-angle  ray.  The  3E  ray  would,  of  course,  be 
expected  to  have  a  larger  doppler  shift  than  the  2E  ray,  though  it  is 
not  so  obvious  why  the  3E  value  should  always  appear  to  be  positive 
with  respect  to  the  2E  shift. 

Figure  23b,  showing  fading  parameters  during  times  when  2F  was 
the  highest-order  mode  observed,  contains  the  largest  number  of  points 
of  the  three  D  -  vs  -  i  plots  and  is  the  most  nearly  symmetrical. 

The  points  in  this  case  fairly  evenly  fill  quadrants  II  and  IV  and 
also  show  a  grouping  around  i  =  0  deg  that  has  a  number  of  points  in 
quadrant  I.  The  bearing  deviation  A  b  is  generally  between  0.5  and 
4  deg,  and  the  elevation  difference  varies  from  0  deg  up  to  about  8  or 
10  deg.  The  elevation  difference  may  in  this  and  Fig.  23c  be  negative 
corresponding  to  IF  or  E  rays,  in  which  case  the  bearing  difference 
is  generally  negative  also.  All  that  is  required  for  i  to  lie  in 
quadrants  II  or  IV  is  that  A  v  and  A  "i  have  the  same  sign,  which 
will  result  from  a  general  north  to  south  downward  tilt  of  the  reflecting 
layers . 

The  3F  scatter  diagram,  Fig.  23c,  has,  as  expected,  the  smallest 
average  values  of  null  spacing  and  also  shows  a  concentration  of  t 
values  in  the  second  and  fourth  quadrants.  The  splitting  of  the  points 
in  quadrant  IV  into  two  groups,  leaving  the  centroid  in  a  region  of 
few  points,  may  have  the  same  significance  as  in  Fig.  23b.  It  should 
be  kept  in  mind  that  IF,  2F,  or  E  rays  can  contribute  to  the 
effects  observed  in  the  3F  plot,  since  the  criterion  for  selection 
was  simply  the  identity  of  the  highest  order  mode.  The  laterally 
deviated  rays  during  times  of  3F  propagation  appear  to  cluster  about 
A  6  =  3  deg  and  A  i]  =  4  deg. 


SEL-64-022 


48 


2.  Puerto  Rico  and  Texas  Data 

Scatter  diagrams  of  D  vs  9  for  the  Puerto  Rico  and  Texas 
observations  are  shown  in  Figs.  24  and  25. 

Lower  rays  from  Puerto  Rico  could  have  arrived  with  elevation  angles 
from  5  deg  (2F)  to  23  deg  (5F)  and  upper  rays  to  about  30  deg.  Since 
no  oblique  ionograms  were  available  for  the  Puerto  Rico  path,  the  data 
are  not  separated  by  mode.  The  primary  conclusion  to  be  drawn  from 
Fig.  24  is  that  the  null  patterns  have  values  of  9  primarily  in 
quadrants  I  and  III,  as  expected  from  the  prevailing  lateral  ionospheric 
tilts  over  the  path. 

The  values  of  D  and  $  observed  on  the  signals  from  Texas  were 
much  more  concentrated  in  value  about  approximate  means  of  D  =  0.7  km 
and  «  =  11  and  222  deg.  Only  the  IF  lower  and  upper  rays  at  esti¬ 
mated  elevation  angles  of  from  13  up  to  31  deg  were  observed  over  the 
Texas-to  Stanford  path.  The  elevation  angles  were  estimated  from  ray 
tracings  by  Croft  and  Gregory  (1963’  for  a  representative  daytime  iono¬ 
sphere  over  an  1840-km  path.  Both  groups  of  points  have  mean  9  and  D 
coordinates  that  correspond  to  elevation  differences  of  4  deg  between  the 
rays.  The  bearing  separations  between  the  rays  are  significantly 
different,  however.  The  group  in  quadrant  III  has  a  value  of  A  6 
of  -1.0  deg,  which  is  about  what  would  be  expected  from  the  ionospheric 
tilt,  but  the  mean  value  of  the  group  in  quadrant  I  corresponds  to  a 
A  6  of  only  -0.2  deg.  The  origin  of  this  asymmetry  is  not  well  under¬ 
stood,  though  it  seems  not  to  be  an  equipment  effect.  Such  an  asymmetry 
would  occur  if  the  nulls  are  curved,  rather  than  straight,  and  if  the 
curvature  is  different  for  opposite  directions  of  null  motion. 

The  A  0,  A  •)  grid  is  the  same  one  used  in  Fig.  23b  for  n  =  14 

o 

deg  but  the  difference  is  negligible  for  the  measurements  made  here. 

D.  AVERAGE  VALUES  OF  FADING  PARAMETERS 
1 .  Orientation  of  Fading  Nulls 

Histograms  of  the  distribution  of  9  as  measured  on  signals 
propagated  over  the  three  paths  studied  are  shown  in  Fig.  26  and  are 
summarized  in  Table  2.  For  each  path  about  70  percent  of  the  nulls  lie 
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Fig.  25.  PREDICTED  AND  OBSERVED  FADING- PATTERN  PARAMETERS  FOR  ALL 
PROPAGATION  (lF)  FROM  TEXAS. 
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in  the  expected  quadrants,  though  some  distributions  are  biased  toward 
one  or  the  other  extremity  of  the  expected  quadrant. 

TABLE  2.  PERCENTAGE  OF  «  MEASUREMENTS  IN  90- DEG  QUADRANTS  OVER 
DIFFERENT  PATHS 


Quadrant 

Percent  of  0  in  Quadrants 

Puerto  Rico 
-SU 

(expect  I , II I  ) 

Hawaii 

-SU 

(expect  II , I V ) 

Texas 

-SU 

(expect  I  ,  III ) 

I 

36 

24 

27 

II 

15 

35 

5 

III 

32 

6 

47 

IV 

17 

35 

21 

I  and  III 

68 

30 

74 _ 

II  and  IV 

32 

70 

26 

Note:  ?  =  0  corresponds  to  a  null  lying  perpendicular  to 
the  great  circle  between  transmitter  and  receiver 
and  moving  toward  the  transmitter  (see  Fig.  3). 


Symmetrical  pairs  of  quadrants  are  compared  in  Table  2  because  the 
fading-pattern  model  predicts  only  the  orientation  and  spacing  of  the 
null  patterns  and  not  their  direction  of  motion.  Since  the  observed 
values  of  i  describe  direction  of  null  motion  as  well  as  orientation, 

data  from  opposite  quadrants  are  added  together  for  comparison  with  the 
mode  1 . 

2 .  Null  Spacing 
a.  Mean  Value 

The  overall  mean  value  of  null  spacing  D  observed  on  the 
fading  patterns  of  signals  from  Hawaii  is  0.88  kir.,  with  a  standard 
deviation  of  0.98  km.  Comparable  figures  for  the  signals  from  Puerto 
Rico  and  Texas  are  shown  in  Table  3.  The  difference  in  numbers  of  D 
and  V  measurements  is  a  result  of  the  presence  of  fading  patterns  in 
which  it  is  possible  to  find  individual  nulls  that  are  typical  of  the 
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sample  but  that  are  not  adjacent  to  a  sufficiently  similar  null  for  a 
meaningful  measurement  of  D  or  F. 


TABLE  3.  SUMMARY  OF  FADING-PATTERN  MEASUREMENTS 


Path 

Number  of 
Measurements 

Spacing  D  (tan) 

Mean 

Std.  Deviation 

PR-SU 

305 

0.755 

0.741 

Hawaii-SU 

3506 

0.880 

0.984 

Texas -SU 

1527 

0.694 

0.674 

Veloci 

ty  V  (km /sec) 

Mean 

Std.  Deviation 

PR-SU 

899 

0.382 

0.445 

Hawaii-SU 

3520 

0.322 

0.329 

Texas-SU 

1527 

0.222 

0.195 

Fading 

Rate  F  (cps) 

Mean 

Std.  Deviation 

PR-SU 

305 

0.644 

0.304 

Hawa i i -SU 

3506 

0.476 

0.351 

Texas-SU 

1527 

0.388 

0.262 

b.  Average  Diurnal  Variations 


Figure  27  shows  the  average  diurnal  variation  of  null 
spacing  for  the  Hawaii  path.  The  time  scale  for  each  of  the  27  days 
included  in  this  curve  was  normalized  so  that  the  time  of  cw  signal 
fade-in  was  0800  PST  and  of  fade-out  was  2000  PST.  The  actual  fade-in 
time  varied  from  0658  to  1144  PST  and  the  fade-out  time  varied  from 
1610  to  2338  PST.  Only  those  days  were  used  on  which  the  equipment 
operated  through  fade-in  and  fade-out. 

The  spacing  had  maximum  values  at  initial  fade-in  and  final  fade-out. 
This  fact  and  the  2-tan  magnitude  of  the  initial  and  final  null  spacing 
imply  that  this  fading  was  caused  by  interference  between  IF  upper  and 
lower  rays  when  the  ionized  layer  was  forming  and  decaying. 
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Fig.  27.  AVERAGE  FADING- NULL  SEPARATION  (km)  AS  A  FUNCTION  OF 
TIME  NORMALIZED  TO  SIGNAL  FADE-IN  AND  FADE-OUT. 


About  two  hours  after  fade-in,  a  smaller  peak  value  of  null  spacing 
occurs  that  is  associated  with  the  appearance  of  the  two-hop  ray.  This 
peak  corresponds  to  interference  between  2F  upper  and  lower  rays. 

During  the  middle  of  the  day  the  time  normalization  masks  any 
other  sharp  changes  in  null  spacing,  though  the  dip  at  1500  PST  occurs 
at  the  time  of  day  when  the  highest -order  (usually  3F )  modes  are 
possible  and  so  a  minimum  spacing  is  expected,  because  of  the  high  angle 
of  arrival  of  3F . 

Similar  diurnal  variation  is  observed  on  signals  propagated  over 
the  Puerto  Rico  and  Texas  paths. 


E.  FADING  PATTERN  VELOCITY  AND  FADING  RATE 

A  smoothed  curve  of  the  diurnal  variation  of  the  mean  value  of  null 
velocity  is  shown  in  Fig.  28.  The  time  is  normalized  to  signal  fade-in 
and  fade-out  as  in  Fig.  27,  which  used  the  same  Hawai i -to-Stanford 
fading-pattern  observations.  The  mean  fading-pattern  velocity  during 
the  first  hour  that  the  signal  is  present  decreases  from  0.7  to  0.35 
km/sec  and  remains  at  about  0.3  km/sec  during  most  of  the  rest  of  the 
day.  A  slight  dip  at  about  1530  local  time  indicates  the  period  of 
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Fig.  28.  AVERAGE  FADING-NULL  VELOCITY  AS  A  FUNCTION  OF  TIME 
NORMALIZED  TO  SIGNAL  FADE-IN  AND  FADE-OUT. 


maximum  stability  of  the  reflecting  layers.  Following  this,  the 
vc loci t>  gradually  rises  to  0.8  km  sec  at  fade-out. 

The  fading  rate  is  defined  as  the  number  per  second  of  envelope 
minima  or  maxima  appearing  at  a  particular  antenna.  During  periods  of 
periodic  fading  patterns  the  fading  rate  is  also  equal  to  the  null 
velocity  divided  by  null  spacing,  F  =  V/D,  The  diurnal  variation  of 
fading  rate,  derived  in  this  manner  from  the  same  observed  Hawaii-path 
data  as  Figs.  27  and  28,  is  shown  in  Fig.  29.  The  average  fading  rate 
is  seen  to  fluctuate  much  less  than  either  the  average  null  velocity 
or  average  spacing;  thus  the  diurnal  variation  of  null  velocity  can  be 
considered  (as  discussed  in  Chapter  II-C)  to  be  a  result  of  the  diurnal 
variation  of  average  null  spacing. 

A  clear  example  of  the  difference  in  fading-pattern  effect  produced 
by  ray  geometry  and  by  signal  doppler  shift  is  given  in  Figs.  30  and  31 
which  show  fading-pattern  data  during  a  reversal  of  direction  of  null 
motion.  During  the  time  shown  in  the  figures,  IF  upper  and  lower 
rays  were  interfering  to  produce  the  observed  fading  patterns,  which 
was  true  of  virtually  all  the  Texas  data.  The  ray  elevations  and 


55 


SEL-64-022 


Fig.  29.  AVERAGE  FADING  RATE  AS  A  FUNCTION  OF  TIME  NORMALIZED  TO 
SIGNAL  FADE-IN  AND  FADE-OUT. 


bearings  remained  constant  during  the  period.  This  constancy  is  deduced 
from  the  fact  that  the  oblique  ionograms  showed  a  constant  delay  time 
between  the  IF  upper  and  lower  rays  and  that  the  null  spacing  and 
orientation,  except  for  the  180-deg  shift,  remained  nearly  the  same. 

The  fading  rate,  which  is  simply  the  difference  in  doppler  shifts  of 
the  two  rays,  went  through  a  definite  zero  value  at  the  time  of  the 
reversal  of  null  direction. 

It  can  be  seen  from  this  sequence  of  events  that,  as  previously 
predicted,  the  orientation  and  spacing  of  nulls  in  a  fading  pattern  is 
a  function  of  ray  geometry,  and  the  null  velocity  adjusts  itself  to 
accommodate  the  fading  rate  determined  by  the  difference  in  doppler 
shifts  of  the  two  interfering  waves. 

F.  FADING  PATTERN  OBSERVATIONS  DURING  TWO  MAGNETIC  STORMS 

Routine  fading-pattern  and  mode-identification  measurements  were  in 
progress  on  the  Hawaii-to-Stanford  signal  during  the  moderately  severe 
magnetic  storms  of  30  April  and  6  June  1963.  Both  storms  produced 
similar  effects  on  the  fading  patterns  and  mode  structure.  These  effects 
are  explained  in  terms  of  a  description  of  the  average  morphology  of 
magnetic  storms  based  on  observations  of  over  100  such  storms  by 
Matsushita  [1959]. 
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Fig.  31.  FADING  PARAMETERS  DURING  REVERSAL  OF  NULL  DIRECTION. 


Matsushita  shows  that,  during  summer  at  the  latitudes  involved  in 
the  present  experiment  (his  regions  4,  5,  and  6),  there  is  a  moderate 
increase  in  maximum  electron  density  during  the  first  9  or  10  hours  of 
the  storms  at  the  higher  latitudes  and  less  or  none  at  the  lower. 

During  the  next  40  hours,  there  is  a  large  decrease  in  maximum  density 
throughout  the  region,  with  the  decrease  being  greater  at  higher  lati¬ 
tudes.  There  is  actually  an  increase  near  the  geomagnetic  equator. 

The  effect  of  these  phenomena  on  the  normally  tilted  layers  of  constant 
ion  density  is  shown  in  simplified  schematic  form  in  Fig.  32  in  which 
it  is  assumed  that  an  increase  in  the  maximum  electron  density  of  a 
layer  lowers  the  contours  of  fixed  electron  density. 

Figure  32  shows  that,  during  the  first  day  of  a  magnetic  storm, 
there  should  be  less  than  the  normal  amount  of  ionospheric  tilt  and 
therefore  <P  for  the  fading  patterns  should  rotate  toward  0  and  180 
deg.  Since,  during  this  period,  the  ion  density  is  greater  than  normal, 
the  existence  of  modes  of  more  than  the  usual  number  of  ionospheric 
reflections  should  be  possible  with  a  resulting  decrease  in  null 
spacing.  During  the  second  day  of  the  storm  the  tilt  may  be  greater 
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Fig.  32.  CHANGE  IN  HEIGHT  AND  SLOPE  OF  A  CONTOUR  OF  FIXED  ION  DENSITY 
DURING  A  MAGNETIC  STORM. 

than  normal,  moving  i  toward  90  and  270  deg.  The  lower  value  of 
electron  density  will  allow  fewer  ionospheric  reflections,  resulting 
in  an  increase  of  null  spacing  above  its  normal  value. 

That  these  effects  occur  is  shown  by  the  contents  of  Table  4  and 
Mg.  33. 

During  both  magnetic  storms  the  value  of  null  spacing  is  reduced 
below  normal  the  first  day  and  rises  above  normal  the  second  day.  This 
is  clearly  a  result  of  the  fact  that  on  both  first  days  signals  were 
received  that  had  experienced  three  F-layer  reflections,  whereas  the 
highest  order  mode  observed  under  undisturbed  conditions  was  usually 
2F.  On  both  second  days  most  of  the  signals  arrived  with  only  one 
F-layer  reflection  and  therefore  the  null  spacing  was  relatively  large. 

Figure  33  shows  that  on  both  first  days  the  null  direction  was  con¬ 
centrated  about  0  and  180  deg  and  on  the  second  days  about  90  and  270 
deg,  presumably  for  the  reasons  discussed  above. 

The  fading  rate  was  higher  than  normal  on  both  first  days  and  near 
or  below  normal  on  both  second  days.  This  is  reasonable  since  the 
fading  rate  is  equivalent  to  the  difference  in  doppler  shifts  of  the 
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Table  4 .  SUMMARY  OF  MAGNETIC  STORM  DATA  OVER  HAWAII -STANFORD  PATH 


Null  Spacing 

D  (km) 

Mean 

Std.  Dev. 

Average  of 

Hawaii-Stanford 

Data 

11-2-62  to 

6-8-63 

Magnetic  Storm 
of  4-30-63 

4-30  5-1 

Magnetic  Storm 
of  6-6-63 

6-6  6-7 

0.880 

0.984 

0.780  1.13 

1.02  1.32 

0.465  1.27 

0.722  0.974 

Null  Velocity 

V  (km/sec) 

Mean 

Std.  Dev. 

0.322 

0.329 

0.501  0.442 
0.546  0.405 

0.246  0.329 

0.245  0.252 

Fading  Rate  F 
(cps) 

Mean 

Std.  Dev. 

0.476 

0.351 

0.859  0.440 
0.563  0.259 

0.693  0.282 

0.408  0.163 

Measurable 

Fades  (jb) 

26 

40  24 

28  16 

Average  Value 
of  Kp*  During 
cw  Observations 

— 

5+  3 1 

G-  2 

Highest-Order 

Propagating 

Mode 

3F 

3F  2F 

(mostly  IF) 

CO 

►-* 

# 


..y  I-  ....  Bcoraapncuc,  planetary,  3-hr,  range  index  prepared  by  the 
Committee  on  Characterization  of  Magnetic  Disturbances,  J.  Bartels 
Chairman,  University,  Gottingen,  Germany.  Values  regularly  appear’ 
under  Geomagnetic  and  Solar  Data"  in  the  Journal  of  Geophysical  Research 


two  interfering  rays  and  the  doppler  shift  of  a  ray  .-a,  be  expected  to 
increase  with  the  number  of  ionospheric  reflections. 

The  fact  that  the  fading  during  the  storm  o  30  April  1963  vas  much 
more  periodic  than  normal  implies  that  during  this  storm  the  total 
amount  of  random  variation  in  ionization  encountered  by  the  rays  was 
less  than  normal  (see  Chapter  IV-A). 
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Fig.  33.  DISTRIBUTION  OF  *  MEASUREMENTS  DURING  TWO  MAGNETIC  STORMS. 

An  example  of  the  fading  patterns  observed  during  the  first  day  of 
one  of  the  storms  is  shown  in  Fig,  34.  Note  the  rapid  fading  pattern 
superimposed  on  the  slow  one.  Both  patterns  have  similar  values  of  i 
but  differ  in  null  spacing  and  fading  rate. 
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Fig.  34.  FADING -PATTERN  RECORDS  DURING  MAGNETIC  STORM  OF  30  APRIL  1963 
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V.  POSSIBLE  APPLICATIONS  OF  THE  RESULTS  OF  THIS  WORK 


A.  SPACE  DIVERSITY  RECEPTION 

A  well  known  technique  for  reducing  the  harmful  effects  of  fading 
is  the  use  of  two  or  three  receiving  antennas  spaced  a  few  wavelengths 
apart,  each  connected  to  its  own  receiver,  and  with  the  receivers  inter¬ 
connected  in  such  a  way  that  the  one  with  the  strongest  signal  provides 
the  total  output  of  the  system.  In  this  way,  if  one  antenna  is  in  a 
region  of  deep  fade  and  is  therefore  yielding  a  noisy  signal,  it  is 
essentially  disregarded. 

Studies  such  as  those  by  Van  Wambeck  and  Ross  [ 1951  ]  indicate  that 
it  is  important  to  space  the  different  ontennas  far  enough  apart  but 
that,  for  a  given  spacing,  the  location  relative  to  the  propagation  path 
is  unimportant.  Since  in  their  experiment  they  located  their  antennas 
only  along  and  across  the  propagation  path,  and  since  the  average  null 
direction  was  probably  at  an  oblique  angle  to  the  path,  the  latter 
result  is  understandable.  The  present  experiment  shows  that  there  is 
definitely  a  preferred  direction  associated  with  signal-fading  patterns. 

It  seems  reasonable  to  suppose  that  the  proper  use  of  preferred  null- 
orientation  information  could  lead  to  some  improvement  in  the  layout  of 
space-diversity  reception  systems.  First,  the  path  in  question  must  be 
examined  in  order  to  predict  the  most  likely  fading  patterns,  as  is 
done  in  Chapter  II -C.  A  hypothetical  fading  pattern  so  derived  is 
shown  in  Fig.  35  superimposed  on  a  typical  space-diversity-antenna  lay¬ 
out,  consisting  of  three  antennas  shown  as  log-periodics ,  A,  B,  and 
C,  spaced  300  m  apart  both  along  and  across  the  propagation  path.  The 
effective  diversity  is  only  300 K  2  or  212  m  however,  because  of  the 
orientation  of  the  most  likely  fading  patterns.  If  B  or  C  is  moved 
to  position  D,  the  effective  diversity  will  be  doubled  to  414  m  at 
no  increase  in  cost.  It  is  probable  that  some  space-diversity  systems 
have  been  constructed  with  the  A,  C,  D,  layout  rather  than  the  A, 

B,  D  pattern.  This  choice  seems  to  have  been  a  matter  of  chance 
rather  than  design,  however.  There  are,  in  addition,  some  systems  using 
four  antennas  in  an  A,  B,  C,  D  pattern,  which  should,  of  course, 
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Fig.  35.  HYPOTHETICAL  FADING  PATTERN  SHOWING  EFFECT  OF  DIFFERENT 
SPACE-DIVERSITY- ANTENNA  LAYOUTS . 

work  quite  well,  though  they  should  work  almost  as  well  without  either 
B  or  C. 

Even  when  the  fading  nulls  do  not  consist  of  straight,  parallel 
lines,  as  is  usually  the  case  for  propagation  over  paths  in  excess  of 
5000  km,  they  would  be  expected  to  assume  an  average  direction  as 
determined  by  the  ionospheric  tilt  at  the  reflection  points  near  the 
receiver . 


B.  IONOSPHERIC  TILT  MEASUREMENTS 

It  is  often  desirable  in  ionospheric  research  to  be  able  to  measure 
small  tilts  of  the  ionized  layers.  See,  for  example,  Fenwick  and  Villard 
[1963’  dealing  with  "Round-the-World"  transmissions,  or  Bramley  [1956], 
who  was  measuring  direction-finder  errors.  The  observations  of  fading 
patterns  in  this  experiment  are  a  relatively  simple  yet  very  sensitive 
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means  of  measuring  tilts  using  a  cw  transmitter  and  receiver  and 
several  inexpensive  antennas. 

Direction-finding  measurements  should  be  more  accurate  if  made 
during  periods  of  no  ionospheric  tilt.  Such  periods  are  indicated  by 
values  of  null  direction  9  near  0  and  180  deg.  Thus  the  most  pre¬ 
cise  direction-finding  measurements  should  be  made  during  periods  when 
the  fading  nulls  lie  approximately  perpendicular  to  the  direction  to 
the  unknown  transmitter  as  obtained  during  routine  measurements. 
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VI,  DESIRABLE  FUTURE  STUDIES 


A .  NORTH-SOUTH  PATH 

On  a  north-south  path  the  latitude  variations  in  ion  density  would 
not  affect  the  fading-pattern  orientation,  but  diurnal  longitudinal 
variations  should  make  the  fading  patterns  change  direction  by  90  deg 
from  morning  to  evening.  Such  a  test  would  be  further  evidence  of  the 
effect  of  ionospheric  tilts  on  fading  patterns. 


B.  VERY  LONG  PATH 

Since  practical  hf  communication  circuits  are  sometimes  well  over 
6000  km  in  length,  it  would  be  useful  to  conduct  an  experiment  similar 
to  the  present  one  over  such  a  path,  perhaps  10,000  km  or  more.  Figure 
18  indicates  that  the  fading  patterns  would  almost  always  be  irregular, 
but  the  tilt  of  the  ionosphere  near  the  receiver  might  still  induce  a 
concentration  of  null  directions  even  though  the  nulls  did  not  form 
straight  lines.  It  is  difficult  to  be  quantitative  about  this  question, 
but  observation  of  the  filmed  fading-pattern  data  seems  to  indicate  that 
for  each  path  the  irregular  nulls  have  average  bearings  and  spacings 
similar  to  the  measurable  ones. 
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VII .  CONCLUSIONS 


A.  NEW  EXPERIMENTAL  TECHNIQUES  EMPLOYED 

1 .  Multiple-Antenna  Fading  Measurement 

The  measurements  reported  here  are  believed  to  be  the  first 
instance  in  which  the  carrier-amplitude  fading  of  obliquely  propagated, 
high-frequency  radio  waves  has  been  observed  in  a  manner  making  possible 
the  deduction  of  its  spatial  variations.  The  necessary  innovation  was 
the  sampling  of  the  instantaneous  signal  strength  on  twelve  antennas 
disposed  along  two  perpendicular  lines.  For  the  case  of  fading  nulls 
consisting  of  straight  or  nearly  straight  lines,  this  antenna  arrange¬ 
ment  allowed  the  measurement  of  the  orientation,  spacing,  and  velocity 
of  such  nulls.  Even  though  quantitative  measurements  were  made  on  only 
the  three  antennas  at  the  ends  and  intersection  of  the  two  rows,  the 
information  from  the  remaining  nine  antennas  was  essential  for 
interpretation  of  the  fading  patterns. 

2 .  Simultaneous  Measurement  of  Fading  Patterns  and  Propa gat ion -Mode 

Structure 

Synchronized,  oblique,  step-frequency,  ionospheric  sounders  were 
used  to  identify  the  propagation  modes  contributing  to  the  cw  signal. 
Although  other  hf  radio  studies  have  been  made  using  the  mode  data 
available  from  oblique  soundings,  the  work  reported  here  is  the  first 
instance  of  the  application  of  such  data  to  the  study  of  cw  fading. 

Even  though  the  oblique,  step-frequency,  sounding  data  are  sometimes 
ambiguous,  they  are  a  considerable  improvement  over  previous  mode- 
identification  techniques,  which  varied  in  accuracy  from  estimates 
based  on  monthly  predictions  of  average  ionospheric  critical  frequencies 
to  single-frequency,  oblique,  pulse  soundings. 

B.  NEW  DATA  OBTAINED 

It  has  been  shown  that  the  spatial  distribution  of  the  carrier 
amplitude  of  cw,  hf  radio  signals  propagated  over  moderate  length  paths, 
such  as  studied  here,  exhibits  a  degree  of  periodicity  that  varies 
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inversely  with  path  length.  Straight  line  fading  null  patterns  are 
measurable  33  percent  of  the  time  on  signals  propagated  1840  km  and 
about  10  percent  of  the  time  on  signals  propagated  5724  km.  Presumably 
the  "straight"  fading  nulls  are  actually  curved,  but  with  a  radius  of 
curvature  much  larger  than  the  dimensions  of  the  antenna  array. 

For  a  fixed  path  length  the  fading-null  spacing  decreases  as  the 
number  of  ionospheric  reflections  increases.  For  the  3741-km,  Hawaii- 
to-Stanford  path  studied  here,  the  mean  value  of  null  spacing  for  each 
mode  was:  IF  hop,  1.4  km;  2F  hop,  0.75  km;  3F  hop,  0.4  km.  The 
mean  velocity  of  the  nulls  along  the  ground  varied  from  about  0.7  km/sec 
during  layer  formation  and  decay  to  about  0.3  km  sec  during  midday. 

The  observed  null  velocity  is  a  product  of  null  spacing  and  envelope 
fading  rate.  The  null  spacing  depends  on  the  ray  geometry,  as  shown 
above,  and  the  fading  rate  is  equal  to  the  difference  in  ionosphcrically 
induced  doppler  shifts  of  the  two  interfering  waves. 

The  fading  nulls  tend  to  lie  diagonally  across  the  great  circle 
connecting  the  transmitter  and  receiver. 

The  degree  to  which  the  nulls  are  rotated  from  lying  perpendicular 
to  the  great  circle  is  a  sensitive  indication  of  the  bearing  separation 
of  the  interfering  waves.  The  bearing  separation,  in  turn,  along  with 
the  elevation  separation  deduced  from  mode  information,  provides  a  clear 
indication  of  the  degree  of  north-south  ionospheric-layer  tilt  present 
over  the  path.  The  absolute  value  of  the  bearing  of  individual  rays 
cannot  be  measured  by  this  technique,  though  it  is  sensitive  to  small 
differences  in  the  bearings  of  two  interfering  rays. 

Differences  of  up  to  about  4  deg  in  the  bearings  between  rays  are 
commonly  deduced  from  the  fading-pattern  measurements. 

It  has  been  shown  that  periodic  fading  is  caused  by  destructive 
interference  both  between  upper  and  lower  rays  of  the  same  mode  and 
between  lower  rays  of  different  modes.  The  presence  of  periodic  fading 
patterns  resulting  from  interference  between  rays  of  different  numbers 
of  ionospheric  reflections  implies  about  0.003  percent  random  electron- 
density  variation  each  10  sec  along  the  different  paths.  When  the 
fading  patterns  become  irregular,  the  random  fluctuations  in  ion  density 
must  be  greater  than  0.003  percent/sec. 
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Fading  pattern  measurements  made  during  two  magnetic  storms  indicate 
that  on  the  first  day  of  both  storms  the  normal  north-south  ionospheric 
tilt  was  reduced,  while  on  the  second  day  it  was  increased.  A  marked 
increase  in  the  periodicity  of  the  fading  patterns  observed  throughout 
one  of  the  storms  indicates  a  reduction  in  the  random  fluctuations  of 
ion  density  that  normally  contribute  to  irregular  fading  patterns. 

C.  IMPROVEMENT  OF  SPACE  DIVERSITY  RECEPTION  SYSTEMS 

An  improvement  in  the  effectiveness  of  space-diversity  reception 
systems  can  be  expected  if  the  spacing  of  the  diversity  antennas  can 
be  maximized  in  a  direction  perpendicular  to  the  fading  nulls.  For 
paths  where  transverse-ionospheric-tilt  information  is  available,  the 
predominant  fading-null  orientation  can  be  derived  by  the  techniques 
presented  here.  Two  or  three  antennas  can  then  be  properly  positioned 
to  maximize  the  space-diversity  effect. 
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APPENDIX  A.  REVIEW  OF  STUDIES  OF  RADIO-WAVE  FADING 


Because  of  the  practical  effects  of  fading  and  the  fact  that  it  is 
a  first-order  quality  of  radio  waves,  the  phenomenon  of  fading  has  been 
studied  virtually  since  the  inception  of  the  use  of  radio  as  a  communica¬ 
tions  technique.  Though  most  of  the  early  experiments  were  conducted 
at  very  low  frequencies  and  over  short  paths  and  thus  do  not  have  a 
direct  bearing  on  the  fading  of  waves  at  high  frequencies  over  long, 
oblique  paths,  a  complete  review  of  the  study  of  fading  must  include 
them  because  many  of  the  basic  mechanisms  of  fading  were  discovered 
using  such  low-f requencv ,  short  paths. 

In  1913,  De  Forest  found  selective  fading  between  the  mark  and 
space  frequencies  of  telegraph  transmissions  between  San  Francisco  and 
Hawaii  at  a  wavelength  of  3100  meters.  He  suggested  interference  between 
ground  and  sky  waves  as  the  cause  and  that  vertical  motion  of  the  layer 
could  cause  fading.  His  deduction  is  particularly  interesting  in  view 
of  the  fact  that  at  that  time  the  existence  of  a  sky  wave  had  by  no 
means  been  proved. 

In  1923,  Dellinger,  Whitmore,  and  Kruse,  with  the  assistance  of  a 
large  number  of  amateur  operators  making  aural  measurements  of  signal 
strength,  concluded  that  fading  is  random  and  is  caused  by  variations 
of  absorption  in  the  ionosphere. 

In  1924,  Pickard  made  a  number  of  fading  measurements  between  500 
and  1500  kc .  He  found  slow  fading  with  relatively  small  amplitude 
variations  with  a  period  on  the  order  of  hours  during  the  day,  and  fast 
fading  with  large  changes  in  amplitude  with  periods  on  the  order  of 
seconds  during  the  night.  By  noting  the  fading  on  two  spaced  antennas 
he  found  that  the  fading  became  uncorrelated  with  an  antenna  spacing 
of  more  than  600  meters.  He  made  a  number  of  good  suggestions  to 
alleviate  the  harmful  effects  of  fading,  such  as  automatic  volume  control 
and  single  sideband.  However,  he  was  not  as  successful  in  deducing  the 
cause  of  fading.  He  rejected  De  Forest's  interference  theory  of  fading 
as  requiring  too  much  ionization  to  produce  a  strong  enough  sky  wave. 

He  suggested  that  atmospheric  weather  would  influence  the  collection  of 
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ionization  due  to  solar  alpha  particles,  which  would  produce  non-uniform 
streams  of  ionization.  These  streams  would  produce  a  varying  absorption 
that  would  cause  fading. 

In  1925,  Appleton  and  Barnett,  operating  at  770  kc  over  a  140-km 
path,  found  that  during  the  daytime  very  little  fading  was  caused  by 
frequency  modulating  their  signals  by  16  kc.  At  night  this  frequency 
modulation  produced  very  deep,  regular  nulls,  which,  when  compared  with 
the  frequency  shift,  revealed  that  one  ray  path  was  reflected  from  a 
height  of  about  100  km.  This  experiment  not  only  helped  clarify  one 
cause  of  fading,  but  was  also  a  convincing  proof  of  the  existence  of 
a  reflecting  ionized  layer. 

In  1926,  Brown,  Martin,  and  Potter,  operating  at  610  kc,  observed 
selective  fading  that  they  attributed  to  interference  between  wave  paths. 
They  suggested  that  fading  at  a  single  frequency  would  be  caused  by 
motion  of  an  interference  pattern.  With  three  antennas  spaced  l/l6th 
of  a  wavelength  apart  along  and  across  the  path  of  propagation,  they 
found  that  fading  was  similar  but  showed  gradients  suggesting  a  pattern 
of  interference  bands  moving  across  the  direction  of  propagation. 

While  operating  facsimile  transmissions  at  22  meters  from  New  York 
to  England,  Eckerslcy  in  1929  noted  multipath  delays  of  the  order  of 
1  msec.  He  related  magnetic  storms  to  increased  fading  rates  and  noted 
that  diversity  reception  gives  about  a  20-to-l  improvement  in  freedom 
from  fading. 

About  this  time,  improvements  in  equipment  made  it  possible  to 
separate  individual  rays  from  a  complex,  ionospherically  propagated 
signal.  Gross  separation  was  accomplished  by  using  pulse  transmissions 
and  the  magnetoionic  components  were  separated  by  using  polarized 
receiving  antennas.  Fading  studies  then  tended  to  be  split  into  two 
kinds.  Those  in  which  rays  were  separated  measured  irregularities  and 
motion  of  the  ionosphere,  usually  the  lower  layers.  Continuous -wave 
experiments  that  recorded  the  instantaneous  strength  of  the  total  signal 
on  an  antenna  were  more  concerned  with  the  practical  effects  of  fading 
such  as  fading  rate  and  depth  of  fading. 

Briefly,  the  results  of  measurements  of  the  fading  of  single 
components  show  that  this  kind  of  fading  is  random,  following  a  Rayleigh 
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amplitude  distribution.  See  for  example,  Khastgir  and  Ray  [1940], 
Ratcliffe  [1948].  The  supposition  that  this  kind  of  fading  is  caused 
by  the  horizontal  motion  of  irregular  clouds  of  ionization  in  the  E 
region  has  led  to  a  large  number  of  experiments  designed  to  measure 
this  horizontal  wind  motion — the  experiments  of  Pawsey  [1935],  Munroe 
[1948],  and  Banerji  [1958]  are  typical. 

The  other  category  of  fading  studies,  in  which  the  present  experi¬ 
ment  is  included,  consists  of  measuring  the  fading  of  obliquely  propa¬ 
gated,  high-frequency  signals,  usually  without  separation  of  modes,  as 
opposed  to  the  low-  and  medium-frequency,  vertical-incidence  pulse 
measurements  with  which  ionospheric  winds  are  studied. 

In  1947,  Appleton  and  Beynon  described  the  fading  near  the  maximum 
observable  frequency  (MOF)  for  an  oblique  high-frequency  signal.  As 
the  frequency  approached  the  MOF,  the  fading  was  first  random,  corres¬ 
ponding  to  reception  of  the  lower  ordinary  ray  only.  The  fading  next 
became  periodic,  with  a  relatively  long  period  on  the  order  of  30  sec. 

This  result  was  explained  as  being  due  to  interference  between  the 
ordinary  and  extraordinary  components  of  the  lower  ray.  Finally,  fading 
speeded  up  with  a  period  on  the  order  of  a  small  number  of  seconds, 
apparently  as  a  result  of  the  interference  of  the  upper  and  lower  rays 
of  both  the  ordinary  and  extraordinary  components.  They  deduced  the 
path  differences  that  led  to  this  interference  by  calculating  equivalent 
paths  from  ionograms  using  standard  methods  of  transmission  curves  as  in 
Bulletin  462  of  CRPL. 

In  1950,  Khastgir  and  Das  described  rapid  fading  near  the  MOF 
similar  to  that  of  Appleton  and  Beynon  in  1947  and  also  a  slower,  periodic 
fading  of  2  to  10  cycles  per  minute,  which  they  attributed  to  vertical 
movement  of  the  order  of  3  to  4  meters  ^ec  of  the  one-  and  two-hop  F 
modes . 

Periodic  fading  is  generally  considered  a  rather  special  and 
occasional  effect,  with  practical  communicators  usually  considering  that 
fading  generally  follows  a  random  amplitude-probability  distribution. 

In  1951,  Van  Wambeck  and  Ross  studied  diversity  reception  in  the  fre¬ 
quency  range  7  to  16  Me  over  a  900-mile  path.  They  found  that  improve¬ 
ment  in  reduction  of  fading  could  be  gained  by  separating  their  antennas 
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up  to  about  60  meters,  either  along  or  across  the  path  of  propagation. 
Beyond  this  there  was  little  further  improvement.  Ladner  and  Stoner, 
in  a  handbook  published  in  1950,  suggest  optimum  spacings  of  300  -  400 
meters  for  space-diversity  reception. 

The  manual  for  the  R-390A/URR,  a  commonly  used  military  receiver, 
suggests  an  optimum  separation  of  180  meters  for  space-diversity  antennas 
Both  of  these  agree  with  Van  Wambeck  and  Ross  in  that  they  mention  no 
preferred  relative  position  for  the  antennas. 

In  1957,  Grisdale,  Morris,  and  Palmer  performed  extensive  fading 
measurements  on  various  oblique  paths  between  6  and  18  Me.  They  found 
that  the  signal  ampltude  followed  a  Rayleigh  distribution,  and  that  the 
space  correlation  of  the  signal  strength  fell  off  in  a  Gaussian  manner. 
Defining  structure  size  as  the  distance  along  the  ground  between  points 
at  which  the  correlation  falls  to  0.61,  they  found  that  structure  size 
was  inversely  correlated  with  path  length.  In  particular,  they  found 
structure  sizes  of  300  meters  for  the  path  between  New  York  and  Great 
Britain,  210  meters  for  the  path  from  Delhi  to  Great  Britain,  and  150 
meters  for  the  path  from  Australia  to  Great  Britain.  They  found  that 
these  results  were  independent  of  frequency. 


"  *lng  measured  fading  between  16  and  2000  kc  for  obliquely 

propagated  signals.  He  found  that  the  fading  rate  in  maxima  per  hour 
is  given  by  the  expression  0.30  f(kc)  cos  i,  where  i  is  the  angle 
of  incidence  on  the  ionosphere.  He  found  the  fading  to  be  random, 
caused  by  possibly  flat,  circular  blobs  in  the  ionosphere  that  could  be 
described  by  an  autocorrelation  function.  He  did  not  believe  fading  to 
be  caused  by  a  constant  pattern  moving  over  the  ground.  In  1960,  Singh 
and  Simha  performed  a  similar  experiment  between  10  and  18  Me  over 

oblique  paths.  They  found  the  same  expression  for  the  fading  rate  in 
maxima  per  hour. 


In  1958,  Hedlund  and  Edwards  studied  the  fading  of  the  vertical 
and  horizontal  polarized  components  of  short  (l00-nsec)  pulses  transmitted 
by  the  F  layer  over  a  1000-mile  path  at  13  Me.  They  found  a  negative 
correlation  between  the  fading  of  the  two  components  and  a  fading  period 
of  the  order  of  1  min.  They  attributed  this  fading  to  interference 
between  the  magnetoionic  components  of  the  rays. 
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Hayden  [ 1961 ]  shows  the  corrugation  of  the  equiphase  surfaces  re¬ 
sulting  from  the  interference  o£  two  rays  coming  from  slightly  different 
directions.  He  reports  direction-of -arrival  measurements  on  a  5-Mc 
signal  propagated  over  a  distance  of  450  km  from  Columbus,  Ohio,  to 
Urbana,  Illinois.  Using  pulse-techniques  he  shows  that  E-layer  rays 
have  an  rms  deviation  about  their  mean  bearing  of  1.6  deg,  while  the 
mean  bearing  is  0.6  deg  from  the  great-circle  bearing.  He  shows  that 
one-hop  F  rays  have  a  mean  deviation  of  about  2  deg  to  the  north  of 
the  great-circle  path  with  an  rms  deviation  about  the  mean  of  4.8  deg. 

When  it  was  possible  to  separate  the  extraordinary  from  the  ordinary 
components  of  the  one-hop  F  rays,  it  was  found  that  the  ordinary  com¬ 
ponent  shows  a  definite  bias  to  the  north  of  the  great  circle  while  the 
extraordinary  component  shows  a  definite  bias  to  the  south,  as  predicted 
by  the  magnetoionic  theory.  He  shows  some  interesting  records  taken  on 
the  Wullenweber  direction-finding  antenna.  The  10-Mc  transmissions  from 
WWV  are  shown  to  fluctuate  by  30  or  40  deg  as  the  MOF  drops  through  the 
operating  frequency  in  the  evening. 

Bowhill  [1961]  reports  an  experiment  using  pulse  transmissions  at 
16  Me  from  Ceylon  to  England,  a  distance  of  8700  km.  He  finds  that 
the  fading  of  individual  short  pulses  is  highly  correlated  on  space 
diversity  antennas  180  meters  apart  in  a  line  perpendicular  to  the  direction 
of  propagation.  He  suggests  that,  when  there  is  only  one  mode  of  pro¬ 
pagation  present,  the  fading  of  a  cw  signal  is  due  to  irregularities  in 
the  reflecting  layer,  but  when  the  propagation  is  complex,  with  many 
orders  of  reflection  present,  the  fading  of  a  cw  signal  is  due  principally 
to  phase  interference  between  the  orders  of  reflection. 

In  1962,  Balser  and  Smith  studied  the  fading  of  short  (35-usec), 
high-frequency  pulses  transmitted  over  a  1566-km  path.  They  found  that 
the  amplitude-distribution  functions  fit  the  Rayleigh  distribution.  The 
median  fading  time  for  one-hop  paths  was  on  the  order  of  20  sec,  often 
more.  They  found  that  the  space-correlation  distances  for  the  individual 
rays  averaged  around  40  wavelengths.  Identification  of  the  propagating 
modes  was  made  by  use  of  synchronized  oblique  pulse  sounders  covering 
the  range  of  1  to  25  Me. 
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APPENDIX  B .  DERIVATION  OF  FADING-PATTERN  PARAMETERS 


Fading-pattern  parameters  have  been  derived  from  a  description  of 
the  elevations  and  bearings  of  two  interfering  plane  waves.  The  coordi¬ 
nates  of  a  plane  wavefront  as  seen  by  an  observer  at  the  origin  are 
defined  in  Fig.  2.  The  range  to  the  nearest  point  on  the  wave  is  p, 
the  bearing  is  0  and  the  elevation  is  -| .  V  =  90  deg  -  rj  is  intro¬ 
duced  in  order  to  conform  to  the  usual  spherical  coordinates.  As  is 
shown  in  any  standard  text  on  analytic  geometry,  for  example  Sisam 
[1946],  the  point  P  is  described  in  rectangular  coordinates  by 

x  =  y  sin  V  cos  6  y  =  ^  sin  *j '  sin  0  z  =  y  cos  V 

The  direction  cosines  of  the  line  OP  are 


x 

cos  or  =  - 

or,  since  sin  q  '  =  cos  q 
of  OP  are 


COS  p  = 

p 

and  cos  1 ' 


z 

cos  y  =  — 
P 


sin  the  direction  cosines 


A  =  cos  a  =  cos  ^  cos  U 

B  =  cos  p  =  cos  -j  sin  0  (9) 

C  =  cos  y  =  sin  "|  • 

The  equations  of  two  plane  wavefronts  of  different  directions  are 

=  xA^  +  yB^  +  zC^  and 

^2  =  ^2  +  yB2  +  ZC2  •  (l0) 


The  intersection  of  these  two  planes  defines  a  line.  If  the  two  wave- 
fronts  are  considered  to  have  the  same  electrical  phase,  a  plane  of 
maximum  field  strength  is  generated  by  the  motion  of  their  line  of 
intersection  as  the  wavefronts  move  forward.  The  line  of  intersection 
is  defined  by  the  simultaneous  equations 
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Alx  +  Bly  +  Clz  =  p 

and 

A2X  +  B2y  +  C2Z  ^  P  U1) 

where  the  wavefronts  are  arbitrarily  assumed  to  be  equidistant  from 
the  origin. 

The  equation 


AfX  +  B^y  +  C^z  +  u  +  k(A^x  +  B^y  +  C^z  +  p)  =  0 

defines  a  family  of  planes  all  of  which  contain  the  line  defined  in 
Eq.  ( 1 1 ) ;  k  is  chosen  to  satisfy  one  additional  point  and  thus  define 
one  plane  of  the  family.  For  simplicity,  the  point  chosen  is  the  origin 
and  k  =  -1.  Therefore  the  plane  of  maximum  field  strength  generated 
by  the  forward  motion  of  the  two  wavefronts  is  defined  by  the  equation 

(ArA2)x  +  (BrB2)y  +  (crc2)z  =  °- 

The  intersection  of  this  plane  with  the  ground  (z  =  0)  defines  a 
line  of  maximum  field  strength  as  observed  on  the  antenna  array  of  the 
present  experiment.  The  equation 


(A1-A2)x  +  ^B1-B2)y  =  0 


(12) 


gives  the  null  direction  but  not  the  null  spacing  of  an  interference 
fading  pattern. 


y 


<W 

tV5? 


mx , 


or,  as  defined  in  Fig.  3,  and  using  values  from  Eq ,  (9) 


<t> 


A 


tan 


m  + 


n 

2 


<t> 


A 


-tan 


-1 


COS  T}  COS  0^  -  COS  T)2  cos  @2 
cos  ti  sin  0  -  cos  q  sin  0 

11  £•  A 


n 

2’ 
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which  is  the  same  as  Eq.  (5). 

To  find  the  spacing  between  signal  maxima,  one  point  in  the  next 
parallel  signal  maximum,  as  observed  at  the  ground,  must  be  obtained. 
This  adjacent  signal  maximum  is  defined  by  the  intersection  of  one  of 
the  original  wavefronts  with  a  wavefront  advanced  one  wavelength  from 
the  other  original  one. 


Axx  +  Bjy  +  C^z  =  H 

V  +  V  +  V  =  f-  -  '  (13) 

Let  z  =  0,  and  H  =  0;  then 


V  -  \  r  y  +  x  -  0 


yl  “  a.b 


-A  A 
1 


1”2  B1A2 


X  .  ..  *V 

1  A  B„  -  BA 


1  2 


1  2 


The  spacing  between  signal  maxima  is  given  by  the  distance  between  the 
point  (x1(  y  )  and  the  line 


and  from  Eq .  (9) 


D  =  A/ 


(A!-A2)x  +  (Bj-Bjjb’  =  0  . 

U  ,  (A1'A2)X1  +  (Bl~P2)yi 


[(ArV2  +  (BrB2>: 
(ArVV  (BrB2>Ai 


D  = 


AlVBlA2 


A1B2-D1A2 


D  =  A/ 


pW2  ♦  (BrB2)2^ 
£ArA2)2  +  (bi-b2>2] 


[cos  \  cos  9l~  cos  cos  92)  +(cos  tji  sin  0j-  cos  sin  9  )S 
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APPENDIX  C.  COMPLEXITY  OF  VERY  LONG  PATH,  ONE-HOP  MODES 


The  technique  of  ray  tracing  and  the  use  of  step-frequency  sounders 
demonstrate  some  interesting  phenomena  involved  in  the  propagation  of 
waves  to  extreme  one-hop  ranges,  such  as  from  Hawaii  to  Stanford,  3741 
km. 

At  1300  PST  on  24  April  1963,  vertical-incidence  ionograms  were 
obtained  at  Hawaii  and  Stanford.  Using  the  method  of  Croft  and  Gregory 
[1963],  computations  using  the  data  from  the  ionograms  were  performed 
that  described  the  trajectories  of  rays  leaving  the  transmitter  in 
I4~deg  increments  and  also  the  trajectories  of  all  rays  reaching  the 
receiver.  The  results  of  the  first  computation  appear  in  Fig.  36,  which, 
incidentally,  was  plotted  in  about  15  min  by  a  machine  connected  to 
the  computer.  The  bending  of  rays  in  the  E  region  resulted  in  the 
darker  area  at  a  height  of  about  120  km.  Figure  37  is  a  simplified 
reproduction  of  Fig.  36  that  also  shows  the  specific  rays  reaching  the 
receiver.  Note  that  these  rays  follow  paths  separate  from  the  bulk  of 
the  energy,  shown  by  the  shaded  areas.  Figure  38,  which  shows  ground 
range  as  a  function  of  take-off  angle  for  the  rays  of  Fig.  36,  aids  in 
the  interpretation  of  these  results.  It  shows  that  most  of  the  energy 
reflected  from  the  E  region  comes  to  earth  at  about  2400  km  and  most 
of  that  from  the  F  region  returns  at  a  range  of  about  3300  km.  The 
first  two  (lower-angle)  rays  reaching  the  receiver  at  3741  km  can  be 
considered  a  transition  between  E  and  F  rays,  influenced  strongly 
by  partial  bending  in  the  E  region.  The  third  ray  is  a  typical  F- 
layer  upper  or  Pederson  ray.  One  would  expect,  and  indeed  the  computer 
results  predict,  that  the  two  lower-angle  rays  would  arrive  close 
together  in  time,  followed  after  some  delay  by  the  third  ray. 

Figure  39  shows  a  portion  of  an  oblique  step-frequency  ionogram 
taken  at  the  same  time  as  the  data  for  the  previous  figures.  It 
clearly  shows  two  pulses  at  17.8  Me  close  together  in  time  of  arrival, 
followed,  after  additional  delay,  by  a  third. 

Such  effects  as  described  above  demonstrate  the  frequent  difficulty 
encountered  in  the  routine  examination  of  oblique  step-frequency 
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ionograms.  Since  it  is  not  practical  to  conduct  such  an  analysis  for 
large  amounts  of  data,  only  those  oblique  ionograms  that  are  relatively 
unambiguous  are  analyzed. 
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Fig.  36.  RAY  TRAJECTOR 


TRANSMITTER  AT  PAHOA 


Fig.  37.  RAY  TRAJECTORIES  BETWEEN  HAWAI 


Fig.  37.  RAY  TRAJECTORIES  BETWEEN  HAWAII  AND  STANFORD 


RECEIVER 

STANFORD,  CALIFORNIA 


RELATIVE  TIME  DELAY 


Fig.  38.  TAKE-OFF  ANGLE  VS  GROUND  RANGE  FOR  RAVS  OF  FIG.  36. 


CW  OPERATING  FREQUENCY 
FREQUENCY  (Me) 


Fig.  39.  PORTION  OF  OBLIQUE  IONOGRAM . 
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